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ABSTRACT
Metal halide perovskites (simplified as perovskites as below), particularly those in
nanocrystal forms, have recently emerged as highly efficient, bandgap tunable photonics materials
that can be easily solution processed at low cost for display, lighting or other energy conversion
applications. However, the quick degradation of perovskite nanocrystals under external stresses or
upon colloidal aggregations has been a major challenge for most applications where high reliability
is normally required. In this thesis, we have explored a polymer swelling-deswelling
microencapsulation (SDM) process that enables the dispersion, in-situ crystallization and
subsequent surface passivation of perovskite nanocrystals in polymer matrices, and leads to
ultrastable metal halide perovskites - polymer composites (PPCs) with outstanding optical
properties for various efficient and highly reliable photonics applications.
In chapter two, we have proved the SDM concept by synthesizing green emitting
CH3NH3PbBr3 PPCs with high photoluminescence (PL) efficiency and pure color emission,
which can survive boiling water treatment for 30 min with less than 7% PL efficiency
decay. In the third chapter, we extend the SDM principle to inorganic perovskites and
synthesized CsPbBr3 nanorods in a polymer matrix (NRs-PM), which show polarized
emission due to dielectric contrast and anisotropic shape. The NRs-PM can be aligned in
macroscale through mechanical stretching at elevated temperature. In chapter four, we
demonstrate that with ligand assisted SDM, PPCs of various emitting colors ranging from
blue to near-infrared can be obtained, and high efficiency (>70%) can be achieved for PPCs
of a wide range of optical density (0.05 to 0.78) without concentration quenching.
The high efficiency, wide tunability and outstanding stability of these SDM-derived
PPCs could enable a broad range of photonics applications. In chapter five, we propose to
iii

use a hybrid downconverter system comprising green PPC films and state-of-the-art red
emitting downconverters for LCD backlight to realize wide color gamut. Beyond
conventional displays, in chapter six, we introduce three novel applications that may be
enabled by PPCs: 1) Tailored lighting that can provide delicate spectral control, 2) Highly
transparent emissive projection display with high ambient contrast, low haze level and wide
viewing angle, and 3) X-ray scintillators with high resolution and fast response.

iv

To my beloved family.

v

ACKNOWLEDGMENTS
I would like to express sincere gratitude to my thesis advisor Prof. Shin-Tson Wu for being
especially motivating, encouraging, inspiring and supportive throughout my PhD life. He guided
Photonics and Display Group to be a vibrant research environment and his insightful vision in the
display field has benefited me tremendously. I would also like to thank Prof. Wu’s better half, our
beloved Shimu, Cho-Yan Hiseh. She has been super warm, kind, supportive to me and cared a lot
for my physical and mental health.
I’m also greatly thankful to my co-advisor, Prof. Yajie Dong, who introduced me into the
research field of light emitting materials and devices with scientific expertise and abundant
knowledge. His acuminous insight in novel application potentials and brilliant scientific writing
skills have always been stimulating my pursuit to become an excellent researcher and innovator.
I’d like to thank my committee members, Prof. Patrick L. LiKamWa and Prof. Pieter G.
Kik, for being continuously supportive in my research and providing strong recommendations for
my award applications.
Special thanks go to my colleagues during my time at UCF. Especially senior group
members: Haiwei Chen, Jiamin Yuan, Fenglin Peng, Daming Xu and Ruidong Zhu, who helped
me understand basics and encouraged me to dive deeper. I am indebted to Yanan Wang for
introducing interesting perovskite materials to our lab and teaching me the related chemistry. I am
grateful to Hao Chen, the talented and productive lab mate and friend, for all the time spent
together and useful discussions. My sincere thanks go to Kun Yin, Fangwang Gou, Tao Zhan,
Ziqian He, Yun-Han Lee, and Guanjun Tan for their valuable discussions, suggestions, and
experimental support along the way.

vi

Appreciation is due to my collaborators, Andrew Towers, Le Zhou, and Zheyuan Zhu for
their significant help with my research work. I would like to thank Sun Innovations Inc. for the
close collaboration on transparent display project.
My heartfelt thanks to Fan Wu, for the shared sense of values about research and life. I am
thankful to Jian Zhao for the encouragement at my down time.
Apart from my UCF colleagues and friend, I also deeply appreciate the friendship with
academia and industry scholars. I feel much honored to have Dr. Martin Schadt and his beloved
wife Helga as my dear friends. Martin is a key inventor and reputable pioneer of liquid crystal
displays. His enthusiasm, passion and strong curiosity towards knowledge and exploration has
impressed and motivated me a lot ever since our first encounter at the beginning of my PhD
program. Meanwhile, I value the interesting discussions with Prof. Kristiaan A. Neyts of Ghent
University about quantum rods and moon size throughout the day. Dr. Kenichiro Masaoka of NHK
Science & Technology Research Laboratories teaches me a lot about color standards and related
studies, which is very helpful to my research and future work.
I am forever grateful to my parents who loved me, supported me, and always let me be who
I wanted to be.
Finally, I would like to thank my husband, best friend and lifelong partner – Huiyuan Liu.
His calmness and unconditional love has provided me the greatest support that enabled me to finish.
Thank you and I love you!

vii

TABLE OF CONTENTS
LIST OF FIGURES ....................................................................................................................... xi
LIST OF TABLES ....................................................................................................................... xix
CHAPTER ONE: INTRODUCTION ..............................................................................................1
CHAPTER TWO: STABLE, HIGHLY LUMINESCENT GREEN PEROVSKITE-POLYMER
COMPOSITES .................................................................................................................................5
2.1 Introduction ............................................................................................................................5
2.2 Swelling-deswelling microencapsulation (SDM) strategy .....................................................5
2.3 Microscopic characterizations ................................................................................................7
2.4 Optical properties .................................................................................................................11
2.5 Stability ................................................................................................................................13
2.6 Conclusion ............................................................................................................................16
CHAPTER THREE: ALIGNED PEROVSKITE NANORODS (NRS)-POLYMER WITH
POLARIZED EMISSION .............................................................................................................17
3.1 Introduction ..........................................................................................................................17
3.2 Synthesis of CsPbBr3 NRs-PM ............................................................................................18
3.3 Optical properties .................................................................................................................22
3.4 Stability ................................................................................................................................26
3.5 Stretch-alignment of CsPbBr3 NRs-PS and polarized emission ..........................................30
3.6 Conclusion ............................................................................................................................32
viii

CHAPTER

FOUR:

LIGAND

ASSISTED

SWELLING-DESWELLING

MICROENCAPSULATION (LASDM) FOR STABLE, COLOR TUNABLE PEROVSKITEPOLYMER COMPOSITES ..........................................................................................................34
4.1 Introduction ..........................................................................................................................34
4.2 Scheme of ligand assisted swelling-deswelling microencapsulation (LASDM) .................36
4.3 Crystal structural properties .................................................................................................38
4.4 Optical properties .................................................................................................................42
4.5 Stability ................................................................................................................................52
4.6 Conclusion ............................................................................................................................57
CHAPTER FIVE: HYBRID DOWNCONVERTERS FOR WIDE COLOR GAMUT DISPLAYS
........................................................................................................................................................59
5.1 Introduction ..........................................................................................................................59
5.2 Backlight system configuration ............................................................................................60
5.3 Analysis of color gamut coverage and total light efficiency ................................................61
5.4 Conclusion ............................................................................................................................67
CHAPTER SIX: APPLICATIONS OF PEROVSKITE-POLYMER COMPOSITES BEYOND
CONVENTIONAL DISPLAYS ....................................................................................................68
6.1 Introduction ..........................................................................................................................68
6.2 Tunable downconverters for tailored lighting ......................................................................69
6.3 Transparent projection display .............................................................................................71
6.4 Perovskite nanocrystal scintillators ......................................................................................74
ix

6.5 Conclusion ............................................................................................................................76
CHAPTER SEVEN: CONCLUSION ...........................................................................................78
APPENDIX: STUDENT PUBLICATIONS..................................................................................81
REFERENCES ..............................................................................................................................86

x

LIST OF FIGURES
Figure 1: Typical perovskite crystal structure [4]. .......................................................................... 1
Figure 2: (a) Passivation of perovskites by metal oxide mesoporous framework and polymer
(PMMA) coverage [5]. (b) Stabilization of perovskite nanocrystals by surfactants [17]. (c) Mixture
deposition of perovskite precursors with protecting media [15]. ................................................... 3
Figure 3: Swelling-deswelling microencapsulation strategy to perovskite-polymer composites. a,
Scheme of MAPbBr3 - polymer composite formation process through swelling-deswelling. b, c
Images of the luminescent composite samples prepared by cotton swab painting (b) or spin coating
(c) under UV excitation (365 nm). Samples from left to right are MAPbBr3-PS, MAPbBr3-PC,
MAPbBr3-ABS, MAPbBr3-CA, MAPbBr3-PVC and MAPbBr3-PMMA respectively. d,
Fluorescent optical microscope image of MAPbBr3-PS composite with focal plane ~4 μm
underneath the top surface. e, f, Scanning electron microscopy (SEM) images of PS surface before
(e) and after (f) MAPbBr3 spin coating and substrate annealing processing. g, Cross-section
transmission electron microscopy (TEM) image of MAPbBr3-PS composites showing well
dispersed MAPbBr3 nanoparticles embedded in PS. Inset: HRTEM of single MAPbBr3
nanoparticle. h, HRTEM of highlighted area as in g, Inset: fast Fourier transform (FFT) of Figure
3h..................................................................................................................................................... 6
Figure 4: Fluorescence optical microscopy images of MAPbBr3 - polymer composites. a,
MAPbBr3 - PC. b, MAPbBr3 - ABS. c, MAPbBr3 - CA. d, MAPbBr3 - PVC. e, MAPbBr3 – PMMA.
For a-d, the image focal planes were ~4-5 μm deep underneath the top surface of the samples. For
e, the focal plane was on the top surface. ....................................................................................... 9

xi

Figure 5: SEM top-view images of blank substrate polymers and MAPbBr3 - polymer composites.
a, PC. b, MAPbBr3 - PC. c, ABS. d, MAPbBr3 - ABS. e, CA. f, MAPbBr3 - CA. g, PVC. h,
MAPbBr3 - PVC. i, PMMA. j, MAPbBr3 – PMMA. .................................................................... 10
Figure 6: Optical properties for MAPbBr3 - polymer composites. a-f, UV-Vis absorption (red) and
PL emission (green) spectra. g-l, PL decay (green) and fitting curves (red) for excitation at 467 nm
and emission at ～530 nm of various MAPbBr3-polymer composites. The samples from top to
bottom are MAPbBr3-PS (a, g), MAPbBr3–PC (b, h), MAPbBr3–ABS (c, i), MAPbBr3-CA (d, j),
MAPbBr3–PVC (e, k) and MAPbBr3–PMMA (f, l). .................................................................... 11
Figure 7: Water and thermal stability characterizations. (a) Photographs taken under white light or
UV irradiation at indicated time period. The composite samples immersed in water are MAPbBr3PS, MAPbBr3-PC, MAPbBr3-ABS, MAPbBr3-PVC, MAPbBr3-CA and MAPbBr3-PMMA. b-d,
Temperature-dependent PL intensity of composites MAPbBr3-PS (b), MAPbBr3-PC (c) and
MAPbBr3-ABS (d). Squares mark the first thermal cycle and triangles represent the second thermal
cycle. The solid symbols refer to heating stages and open symbols to cooling stages. Black lines
in (b) and (c) indicate Boltzmann fittings for the reversible heating, cooling processes.............. 14
Figure 8: In-situ synthesis of luminescent CsPbBr3 NRs-PM. (a) Scheme of CsPbBr3 NRs-PM
formation process through SDM. (b). Fluorescence microscopy images of NRs-PM synthesized
with different precursor concentrations and different spin-coating speeds. Focal planes were
adjusted to be ~4-5 mm underneath the top surface for all samples. Insets on the top and left are
schematic illustrations for droplet size under different conditions. (c) XRD pattern of CsPbBr3
NRs-PS with standard monoclinic CsPbBr3 (PDF 18-0364) as reference. ................................... 19
Figure 9: Statistical analysis on rod length distribution in the CsPbBr3 NRs-PS synthesized with
different precursor solution concentrations and different spin-coating speed based on fluorescent
xii

microscopic images. The distribution was fit to Gaussian (blue) with mean value and standard
deviation shown in each diagram. ................................................................................................. 20
Figure 10: Mean rod length in the CsPbBr3 NRs-PS synthesized with different precursor solution
concentrations and different spin-coating speed. .......................................................................... 21
Figure 11: Statistical analysis on aspect ratios of the CsPbBr3 NRs-PS synthesized at 1000 rpm
/2000 rpm spin speed with different precursor concentrations, derived from the fluorescence
microscopic images in Figure 1. For the NRs-PS samples prepared at higher spin speed, it is
difficult to quantify the width or aspect ratios of the NRs because of the limited resolution of
optical microscope images. ........................................................................................................... 21
Figure 12: Fluorescent microscopic images of the CsPbBr3 NRs-PM samples synthesized with
different substrates: (a) NRs-PC; (b) NRs-ABS. Scale bar: 10 μm. Precursor concentration was 30
mg/ml and spin-coating speed was 1000 rpm for both. ................................................................ 22
Figure 13: (a) UV-Vis absorption and PL spectra of NRs-PS (15mg/ml precursor, 2000 rpm). (b)
PL decay (green) and corresponding fit (red) of NRs-PS. ............................................................ 23
Figure 14: PL images of (a) x and (b) y polarization of the CsPbBr3 NRs-PS in a local 15 × 15 μm2
area. ............................................................................................................................................... 24
Figure 15: (a) Polarization map of NRs-PS. (b) Histograms of P (polarization) values obtained
from the upper right rod (up) and lower left (down) rod in (a)..................................................... 25
Figure 16: Water and thermal stability characterizations. (a) Photographs of CsPbBr3 NRs-PS film
immersed in water. From left to right: NRs-PS film stored in water bottle under ambient or UV
illumination; Films brightness and PLQY at the beginning and after 277 days (top piece stored in
air and bottom piece stored in water). (b) Temperature dependent PL of NRs-PS (c) Absorption

xiii

and (d) PL emission spectra of the CsPbBr3 NRs-PS film before (black) and after (red) boiling
treatment. ...................................................................................................................................... 26
Figure 17: PLQY of CsPbBr3 NRs-PS film immersed in deionized water at different time. ....... 27
Figure 18: (a) UV-Vis spectra and (b) PL spectra of the CsPbBr3 NRs-PS film before and after
immersion in water for 277 days. ................................................................................................. 28
Figure 19: (a) UV-Vis spectra and (b) PL spectra of the CsPbBr3 NRs-PS film before and after
thermal stability measurement. ..................................................................................................... 29
Figure 20: (a) UV-Vis spectra and (b) PL spectra of the CsPbBr3 NRs-PC film before and after
boiling treatment; inset: photographs of CsPbBr3 NRs-PC film before (left) and after (right) water
boiling treatment (lower piece). The upper piece is not boiled for comparison (cutting from one
sample). Water enhanced PL is observed for the boiled sample. ................................................. 29
Figure 21: (a) UV-Vis spectra and (b) PL spectra of the CsPbBr3 NRs-ABS film before and after
immersion in water for 138 days; inset: photographs of CsPbBr3 NRs-ABS film at the beginning
(left) and after 138 days (right) under UV illumination. The upper piece was stored in air and the
lower piece was stored in water (cutting from one sample). Water enhanced PL is observed for the
sample stored in water. ................................................................................................................. 30
Figure 22: Stretch-alignment of CsPbBr3 NRs-PS. (a) Up: setup for stretching the NRs-PS film;
Middle: enlarged NRs-PS sample illustration; Down: Fluorescent microscopic image of stretchaligned NRs. (b) Angle distribution of stretch-aligned NRs (in image a down). Elongation ratio is
8 to 1. (c) PL polarization of unstretched (up)/ stretch-aligned (down) NRs-PS. ........................ 31
Figure 23: Correlation between polarization level of aligned NRs and NRs’ average aspect ratio
for CsPbBr3 NRs-PS synthesized at 1000 rpm /2000 rpm spin speed with different precursor
concentrations. .............................................................................................................................. 32

xiv

Figure 24: Ligand assisted swelling deswelling microencapsulation (LASDM) strategy to fabricate
stable, color tunable perovskite-polymer composites. (a) Schematic illustration of LASDM
strategy. (b-d) Images of spin-coated luminescent perovskite-polymer composite samples ((b)
perovskite-PS, (c) perovskite-PC or (d) perovskite-ABS) emitting different colors from deep blue
to near infrared under UV excitation (380 nm). (e) Image of perovskite-PS sample prepared by
cotton swab painting, immersed in water under UV excitation (380nm). .................................... 37
Figure 25: (a) XRD patterns of CsPbX3-PS composites and blank PS substrate. (b) Cross-section
HRTEM image of CsPbCl1.5Br1.5-PS (up), CsPbBr3-PS (middle), CsPbBrI2-PS (down) composite
samples. (c) Lattice constant of [200] face derived from XRD, of samples with different perovskite
compositions. ................................................................................................................................ 39
Figure 26: XRD patterns of CsPbX3-PS composites prepared with single ligand. ...................... 41
Figure 27: Comparison of the average crystallite size in CsPbX3-PS composites prepared with two
ligands versus single ligand. ......................................................................................................... 41
Figure 28: Optical properties of CsPbX3-PS composite films. (a) UV-vis absorption (solid lines)
and PL emission (dash lines) spectra. (b) Color coordinates of CsPbX3-PS PL emission properties
shown in CIE 1931 diagram indicating the color purities. Rec. 2020 (black line) standard is shown
for comparison. (c) PL decay curves of blue, green and red CsPbsX3-PS composite films under
375 nm excitation.......................................................................................................................... 43
Figure 29: Compositional PL tuning diagram of CsPbX3-PS composites.................................... 44
Figure 30: (a) PL emission spectra of mixed halide CsPbX3-CA composites. (b) Compositional PL
tuning diagram of CsPbX3-CA composites. (c) PL emission spectra of mixed halide CsPbX3-ABS
composites. (d) Compositional PL tuning diagram of CsPbX3-ABS composites. ....................... 46

xv

Figure 31: (a) PL emission spectra of mixed halide MAPbX3-PS composites. (b) Compositional
PL tuning diagram of MAPbX3-PS composites............................................................................ 47
Figure 32: Photographs of the luminescent (a) blue, (b) green and (c) red CsPbX3-PS composites
prepared with (left) no ligand, (middle) one ligand or (right) two ligands, taken under UV
excitation. All photos are taken with identical camera exposure setting. Comparison of PL
emission spectra and relative PL intensity of (d) blue, (e) green and (f) red CsPbX3-PS composites
prepared with no ligand (black line), one ligand (blue line) or two ligands (red line). ................ 48
Figure 33: Photographs of (a) blue, (b) green and (c) red CsPbX3-PS composites prepared with
(left) no ligand, (middle) one ligand or (right) two ligands, taken under ambient light. .............. 50
Figure 34: UV-Vis spectra including scattering effect of the (a) blue, (b) green and (c) red CsPbX3PS composites prepared with no ligand (black line), one ligand (blue line), or two ligands (red
line). .............................................................................................................................................. 51
Figure 35: PL decay curves for CsPbBr3-PS composites prepared with no ligand (black line), one
ligand (dark green line), or two ligands (green line). Red lines are the fitting curves for each
condition. ...................................................................................................................................... 51
Figure 36: Photograph of green perovskite-polymer films of different optical density under
ambient light (up) and under UV excitation (down). .................................................................... 52
Figure 37: Water and thermal stability characterizations. (a) Photographs of blue, green and red
CsPbX3-PS composite film samples in water under UV irradiation after two months’ water
immersion. (b) &(c) Each film sample was cut into two pieces from the beginning, with one piece
stored in air and the other immersed in water. Photographs of two pieces in one frame taken (a) at
the beginning and (c) after two months. (d-f) Temperature-dependent PL intensity of (d) blue, (e)
green, (f) red CsPbX3-PS composites. Solid symbol and red line refer to heating process and open

xvi

symbol and blue dash line refer to cooling process. (g-i) Comparison of PL emission spectra and
relative PL intensity of (g) blue, (h) green and (i) red CsPbX3-PS composites before (black line)
and after (red line) boiling treatment. Inset are the photos of unboiled piece (up) and boiled piece
(down) originally cut from one sample. ........................................................................................ 55
Figure 38: (a-c) UV-vis spectra and (d-f) normalized PL emission spectra of samples at initial state,
after two months in air, or after two months in water. (a, d) blue CsPbClBr2-PS composites. (b, e)
green CsPbBr3-PS composites. (c, f) red CsPbBrI2-PS composites. ............................................ 56
Figure 39: (a) UV-vis spectra and (b) PL emission spectra of CsPbI3-PS composites before and
after six months storage in air. ...................................................................................................... 56
Figure 40: (a-c) UV-vis spectra and (d-f) normalized PL emission spectra of samples before and
after heating treatment. (a, d) blue CsPbClBr2-PS composites. (b, e) green CsPbBr3-PS composites.
(c, f) red CsPbBrI2-PS composites. ............................................................................................... 57
Figure 41: UV-vis spectra of samples before and after boiling treatment. (a) Blue CsPbClBr2-PS
composites. (b) Green CsPbBr3-PS composites. (c) Red CsPbBrI2-PS composites. .................... 57
Figure 42: Backlight system configuration for (a) On-surface green OIP and red QD films excited
by blue LEDs, and (b) On-surface green OIP and on-chip red phosphor excited by blue LEDs. 60
Figure 43: RGB color primaries in CIE 1931. Rec.2020 is plotted for reference. Inset shows details
of different red emitters. ............................................................................................................... 62
Figure 44: Spectra of RGB primary colors used for calculation. ................................................. 63
Figure 45: Transmission spectra of two commercial color filters. ............................................... 63
Figure 46: Simulated color gamut in CIE 1931 for different BLUs. CF-2 is used. The color
primaries before passing through LCD system are also marked for reference. ............................ 65

xvii

Figure 47: (a) Scheme of perovskite-polymer films of different colors used as exchangeable downconversion sheets in lighting applications. Fit spectra for (b) sunlight like or (c) incandescent light
like performance using perovskite-polymer spectra of different emitting wavelengths and OD. 70
Figure 48: (a) Photograph of 5’’x3’’ transparent green perovskite-polymer film under ambient
light, in front of text. (b) Photograph of the transparent projection display. (c) Luminance at
different viewing angle. ................................................................................................................ 72
Figure 49: Transmittance and PL emission of the transparent perovskite-polymer film. ............ 73
Figure 50: PL decay lifetime of the PPC plate for transparent projection display. ...................... 73
Figure 51: X-ray image of (a) thin perovskite-PC film and (b) commercial 8 mm thick plastic
scintillator. .................................................................................................................................... 74
Figure 52: A cross-section fluorescent microscopy image of the perovskite-PC film. ................ 75
Figure 53: (a) X-ray imaging resolution test with a lead mask of highest resolution of 20 lines/mm.
(b) Intensity distribution cross the 20 lines/mm pattern. .............................................................. 75

xviii

LIST OF TABLES
Table 1: Peak wavelength and full width at half maximum (FWHM) of photoluminescence spectra
of MAPbBr3-polymer composites................................................................................................. 12
Table 2: PL decay lifetime of various MAPbBr3 - polymer composites. τ1: slow PL lifetime, τ2:
fast PL lifetime, τavg: average PL lifetime..................................................................................... 12
Table 3: Photoluminescence quantum yield (PLQY) of CsPbBr3 NRs-PS films obtained with
different precursor concentrations and different spin-coating speed. ........................................... 23
Table 4: Polarization level of the stretch-aligned NRs-PS synthesized at different conditions. .. 32
Table 5: Precursor-concentration dependent photoluminescence quantum yield (PLQY) of
MAPbBr3 - polymer composite films........................................................................................... 35
Table 6: PL emission peak wavelength and FWHM of CsPbX3-PS composites of different halide
compositions. ................................................................................................................................ 44
Table 7: Hildebrand solubility parameters of different polymers. ................................................ 46
Table 8: PL decay lifetime of CsPbBr3-PS composites prepared with different ligand conditions.
τ1: slow PL lifetime, τ2: fast PL lifetime, τavg: average PL lifetime. ............................................. 51
Table 9: Rec.2020 color gamut coverage in CIE 1931 and total light efficiency (TLE) for different
BLUs. ............................................................................................................................................ 65

xix

CHAPTER ONE: INTRODUCTION
Metal halide perovskites with formula ABX3 as depicted in Figure 1, in which A stands
for Cs, CH3NH3+, or CH(NH2)2, B for Pb or Sn, and X for Cl, Br or I, particularly those in
nanocrystal forms, are emerging as highly efficient, bandgap tunable photonics materials. These
perovskites can be easily solution processed at low cost for display, lighting or other energy
conversion applications. Photoluminescence quantum yield (PLQY) larger than 90% has been
obtained for perovskite nanocrystals in solution with emission linewidths narrower than 20 nm [1].
The quick degradation of perovskite nanocrystals under external stresses or upon colloidal
aggregations has been one of the key issues that impede practical applications.
The instabilities of perovskites are often attributed to their low formation energy
(~0.1−0.3 eV) induced by ionic nature, which makes it easy for them to be conveniently
solution processed, but also renders them vulnerable to surface reactions, ion migration, or
phase segregation [2]. It has been observed that, in the presence of moisture and oxygen,
the perovskite grains grow spontaneously even at room temperature, leading to a higher
density of defects and a shorter carrier lifetime[3].

Figure 1: Typical perovskite crystal structure [4].
1

Other than engineering of perovskite material itself by different choices of cations or
preparing different phases, which cannot fully solve the intrinsic instability issue, several
passivation strategies have been developed to stabilize perovskites as well as to enhance
the brightness of perovskites, but only with limited success. One commonly used approach
involves film formation through impregnation of a preformed mesoporous inorganic matrix
[5] with the perovskite precursor solutions (Figure 2a). However, the solvent evaporation
from preformed, thus static, inorganic porous structures will inevitably lead to partially
exposed, unprotected perovskites. In fact, it was reported that significant decomposition
already occurs during annealing of perovskites on porous TiO2 at 85°C even in inert
atmosphere [4, 6] The second strategy, solution based synthesis of surfactant-protected
perovskite nanoparticles (Figure 2b), can achieve passivation of individual nanocrystal
grains and lead to colloidal perovskites with enhanced stability and PLQY [7]. However,
the reaction yield of perovskite nanoparticles remains low and when the nanoparticles are
processed as thin films, their efficiency tend to be substantially reduced because of
quenching induced by spontaneous particle aggregations [8]. Moreover, postsynthetic
treatments are needed for practical use, such as the employment of silica or polymer
coatings on perovskite nanocrystals [9-14]. The third strategy, as shown in Figure 2c, is the
deposition of composite films from mixtures of perovskite precursors with protecting
media, such as organic small molecules, polymers [15] or inorganic nanoparticles [16].
Although inherently simple, this approach often results in serious phase separation between
perovskites and the protecting media, leading to large grain size variation, broad PL peaks,
lower PLQY and unsatisfactory protection.
2

Figure 2: (a) Passivation of perovskites by metal oxide mesoporous framework and polymer
(PMMA) coverage [5]. (b) Stabilization of perovskite nanocrystals by surfactants [17]. (c)
Mixture deposition of perovskite precursors with protecting media [15].
In this dissertation, we have explored a polymer swelling-deswelling microencapsulation
(SDM) process that enables the dispersion, in-situ crystallization, and subsequent surface
passivation of perovskite nanocrystals in polymer matrices, and leads to ultrastable metal halide
perovskites - polymer composites (PPCs) with outstanding optical properties for various efficient
and highly reliable photonics applications.
In chapter two, we validate the SDM concept by synthesizing green emitting organicinorganic hybrid CH3NH3Br3 perovskite nanoparticles inside polymer matrices with high
PL efficiency of up to 48%, high color purity showing full width at half maximum (FWHM)
down to 18nm, and long average fluorescence lifetime up to ~502 ns. The PPC films can
survive boiling water treatment for 30 min with less than 7% PL efficiency decay without
any additional encapsulation. In the third chapter, we extend the SDM principle to inorganic
perovskites and synthesize CsPbBr3 nanorods in a polymer matrix (NRs-PM). A relatively
high local polarization ratio (∼0.4) is observed on single NR due to dielectric contrast and
anisotropic shape. Macroscale alignment of the NRs can be achieved through mechanical
stretching at elevated temperature, resulting in a polarization ratio of 0.23, which suggests
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their potential as polarized down-converters to increase the light efficiency for liquid crystal
display (LCD) devices.
Size control and surface coordination are critical for nanocrystal synthesis to achieve
good optical performance. To improve PL efficiency and solve the issue of concentration
quenching, in chapter four, we introduce the ligands into SDM strategy, which can
effectively reduce the nanoparticle size and coordinate surface sites. High efficiency
(>70%) can be achieved for PPCs of a wide range of optical density (0.05 to 0.78) without
concentration quenching. By tuning the halide compositions, PPCs of various emitting
colors from blue to near infrared with narrow FWHMs of 17−42 nm are obtained.
The high efficiency, wide tenability, and outstanding stability of these SDM-derived
PPCs could enable a broad range of photonics applications. In chapter five, we propose to
use a hybrid downconverter system comprising green PPC films and state-of-the-art red
emitting downconverters for LCD backlight to realize wide color gamut, which could lead
to nearly 90% Rec. 2020 color gamut coverage and high total light efficiency (TLE) of around 20
lm/W while maintaining low cost. We also envision these PPCs could find broad applications
beyond conventional displays. In chapter six, we discuss three novel applications enabled
by PPCs: 1) Tailored lighting that can provide delicate spectral control, 2) Highly
transparent emissive projection display with high ambient contrast, low haze level, and
wide viewing angle, and 3) X-ray scintillators with high resolution and fast response.

4

CHAPTER TWO:
STABLE, HIGHLY LUMINESCENT GREEN PEROVSKITE-POLYMER
COMPOSITES
2.1 Introduction
In

this

chapter,

we

demonstrate

a

newly

developed

swelling-deswelling

microencapsulation (SDM) strategy to achieve well dispersed, intimately passivated perovskite
nanoparticles inside polymer matrices which show unprecedented environmental stability [18]. In
this strategy, perovskite precursor solution is brought into the polymer matrices through solventinduced swelling process, and high quality, well encapsulated nanoparticles will be formed during
the polymer deswelling and shrinking process upon solvent removal. The process is very simple
and cost-effective, with no need of high temperature growth, nor post-synthetic purification or
transfer. Without further encapsulation, the samples can survive boiling water treatment with no
obvious photoluminescence (PL) decay, and can be immersed in water for several months and still
maintain the initial PL intensity, representing unprecedented environmental stability for
perovskite-based emitters reported to date.

2.2 Swelling-deswelling microencapsulation (SDM) strategy
When being brought into contact with good solvents, polymer chains will swell and
expand, letting in solvents and solutes. Such expansion is generally reversible through a
deswelling process when solvent is evaporated [19]. Dynamic polymer swelling-deswelling
processes have been utilized in drug delivery to introduce bioactive drugs into polymer
matrices as solutes and enable successful encapsulation and controlled release of the drugs
[20, 21]. We hypothesize that perovskite precursors can be introduced into polymer
5

matrices as solute through the solvent-induced polymer swelling process. When the solvent
is driven out of the polymer matrix (for example, by baking), the perovskite precursors will
be left within to react and form high quality, well dispersed perovskite nanoparticles.
Meanwhile the polymer matrix will deswell, shrink back and form a coherent barrier layer
around the perovskite nanoparticles, protecting them from water, oxygen or heat of the
surrounding environment (Figure 3a).

Figure 3: Swelling-deswelling microencapsulation strategy to perovskite-polymer composites. a,
Scheme of MAPbBr3 - polymer composite formation process through swelling-deswelling. b, c
Images of the luminescent composite samples prepared by cotton swab painting (b) or spin
6

coating (c) under UV excitation (365 nm). Samples from left to right are MAPbBr3-PS,
MAPbBr3-PC, MAPbBr3-ABS, MAPbBr3-CA, MAPbBr3-PVC and MAPbBr3-PMMA
respectively. d, Fluorescent optical microscope image of MAPbBr3-PS composite with focal
plane ~4 μm underneath the top surface. e, f, Scanning electron microscopy (SEM) images of PS
surface before (e) and after (f) MAPbBr3 spin coating and substrate annealing processing. g,
Cross-section transmission electron microscopy (TEM) image of MAPbBr3-PS composites
showing well dispersed MAPbBr3 nanoparticles embedded in PS. Inset: HRTEM of single
MAPbBr3 nanoparticle. h, HRTEM of highlighted area as in g, Inset: fast Fourier transform
(FFT) of Figure 3h.
To demonstrate the principle, MAPbBr3 perovskite precursor solutions were prepared by
mixing PbBr2 and CH3NH3Br at a 1:3 molar ratio into DMF solvent. A series of technically
important polymer substrates, including polystyrene (PS), polycarbonate (PC), acrylonitrile
butadiene styrene (ABS), cellulose acetate (CA), polyvinyl chloride (PVC), and poly(methyl
methacrylate) (PMMA), were tested to illustrate the generality of this strategy. Swelling happened
once the precursor solutions were brought into contact with polymer substrates, either through
simple cotton swab painting or spin-coating in a more controllable manner. Upon subsequent
annealing of the substrates, visible color changes from transparent (for most polymers) or semiclear (for ABS film) to light green can be observed, indicating perovskite phase formations along
with solvent evaporation and polymer deswelling.

2.3 Microscopic characterizations
All MAPbBr3-polymer composites, obtained either with cotton swab painting (Figure 3b)
or spin coating (Figure 3c), are highly luminescent under UV excitation. Microscopic
characterizations of as-obtained MAPbBr3-PS composites provided direct proof for the swellingdeswelling microencapsulation hypothesis. When adjusting the focal plane of fluorescence
microscopy to ~4 μm underneath the top surface of the MAPbBr3 - PS sample, uniformly
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distributed nanoparticles over large area can be observed (Figure 3d), while focusing on the top
surface yields no particle-like features. Scanning electron microscopy (SEM) characterization of
the PS sample surfaces before (Figure 3e) and after (Figure 3f) MAPbBr3 processing show
identically smooth morphology with no visible perovskite crystals on top, confirming that the
nanocrystals observed in fluorescence microscopy are mainly embedded inside the polymer matrix
and the substrate surface itself has fully recovered through the deswelling process. Similar
embedded nanoparticles were also observed for MAPbBr3-PC, MAPbBr3-CA and MAPbBr3-PVC
composites. For semiclear MAPbBr3-ABS, no particle-like features can be observed in
fluorescence microscopy (Figure 4), mainly due to the highly scattering nature of ABS polymers,
but SEM indicates the originally rough ABS surface has been smoothed out after the spin coating
process (Figure 5). For MAPbBr3-PMMA, nanoparticles can be observed on the surface in both
fluorescence microscopy and SEM images, probably due to relatively low swelling ratio of PMMA
in DMF solvent.

8

Figure 4: Fluorescence optical microscopy images of MAPbBr3 - polymer composites. a,
MAPbBr3 - PC. b, MAPbBr3 - ABS. c, MAPbBr3 - CA. d, MAPbBr3 - PVC. e, MAPbBr3 –
PMMA. For a-d, the image focal planes were ~4-5 μm deep underneath the top surface of the
samples. For e, the focal plane was on the top surface.
Cross-sectional transmission electron microscopy (TEM) image (Figure 3g) of the
MAPbBr3-PS sample shows well dispersed crystalline nanoparticles intimately passivated within
the amorphous PS substrate matrix. From the HRTEM (Figure 3h) and the fast Fourier
transformation (FFT) image (inset of Figure 3h), interplanar distances of 2.9 Å and 4.1 Å
corresponding to the (200) and (110) crystal faces of the MAPbBr3 crystal can be identified. The
energy-dispersive spectroscopy (EDS) measurement shows that the nanoparticle has a Br/Pb molar
ratio of 2.8:1, in accordance with the stoichiometry of MAPbBr3. Clearly, MAPbBr3 crystallization
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and nanocrystal dispersion in passivating polymer matrix have occurred simultaneously in the
spin-coating, baking assisted swelling-deswelling process.

Figure 5: SEM top-view images of blank substrate polymers and MAPbBr3 - polymer
composites. a, PC. b, MAPbBr3 - PC. c, ABS. d, MAPbBr3 - ABS. e, CA. f, MAPbBr3 - CA. g,
PVC. h, MAPbBr3 - PVC. i, PMMA. j, MAPbBr3 – PMMA.
10

2.4 Optical properties
Figure 6 shows the static and transient photoluminescence (PL) behavior and absorption
spectra of the spin-coated MAPbBr3 -polymer composite films. The abrupt absorption onsets and
emission peaks in the 528~533 nm range correspond well with the band-to-band transition of
bromide perovskite. Their FWHM ranges between 18 nm to 24 nm (Table 1). This is comparable
to previous colloidal MAPbBr3 nanoparticles solution results [17, 22] and much narrower than
what has been achieved with the MAPbBr3-polymer precursor mixture approach (>30 nm) so far
[15], indicating better color purity. More significantly, the PLQYs of these films (Table 2) can
reach as high as ~48%.

Figure 6: Optical properties for MAPbBr3 - polymer composites. a-f, UV-Vis absorption (red)
and PL emission (green) spectra. g-l, PL decay (green) and fitting curves (red) for excitation at
467 nm and emission at ～530 nm of various MAPbBr3-polymer composites. The samples from
top to bottom are MAPbBr3-PS (a, g), MAPbBr3–PC (b, h), MAPbBr3–ABS (c, i), MAPbBr3-CA
(d, j), MAPbBr3–PVC (e, k) and MAPbBr3–PMMA (f, l).
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Table 1: Peak wavelength and full width at half maximum (FWHM) of photoluminescence
spectra of MAPbBr3-polymer composites.
Substrate

Wavelength

FWHM

(nm)

(nm)

PS

532

18

PC

531

23

ABS

528

20

CA

533

24

PVC

531

23

PMMA

532

18

Table 2: PL decay lifetime of various MAPbBr3 - polymer composites. τ1: slow PL lifetime, τ2:
fast PL lifetime, τavg: average PL lifetime.
substrate

τ1
(ns)

f1
(%)

τ2
(ns)

f2
(%)

τavg.
(ns)

PLQY
(%)

PS

198.32

52.78

57.35

47.22

131.75

33

PC

194.45

60.84

47.79

39.16

137.02

31

ABS

673.8

67.44

146.9

32.53

502.24

48

CA

337.9

60.62

57.69

39.38

227.55

47

PVC

499.0

71.89

136.3

28.11

397.05

16

PMMA

26.80

47.25

4.37

52.75

14.97

14

Photoluminescence decay lifetimes are commonly taken as a hallmark of perovskite film
quality, with longer decay lifetimes used as indicators of better performing materials [23]. The PL
decay can be described by bi-exponential fitting, giving a long-lived lifetime (slow decay) and
short-lived lifetime (fast decay). The slow decay is usually related to radiative recombination
12

inside the grains, whereas the fast decay is related to trap-assisted recombination at grain
boundaries. The remarkably long PL lifetimes for both slow and fast decay indicate both high
crystalline quality of nanocrystal grains and good polymer passivation of the surface traps at grain
boundaries. All samples were prepared with precursor concentration of 5 mg•mL-1. For MAPbBr3
based solid films [23] or even colloidal nanoparticles [17], the average decay lifetimes ( τ avg ) are
usually within 10-100 ns. Remarkably, most MAPbBr3 -polymer composites in this work showed
long τ avg ( τ=
avg

f1τ 1 + f 2τ 2 )

ranging from 130 ns (for MAPbBr3 -PS) to 502 ns (for MAPbBr3 -

ABS), with the only exception: the MAPbBr3 -PMMA sample with τ avg ~15 ns, which has the
MAPbBr3 nanoparticles on surface (Table 2).

2.5 Stability
As results of good nanoparticle dispersion and polymer passivation, most MAPbBr3 polymer composites exhibit unprecedented stability against water and heat exposure. No
observable PL degradation happened for most MAPbBr3 - polymer composites upon exposure to
ambient air for five months, except MAPbBr3 – PMMA, which degraded within an hour. To
accelerate the test of water/moisture stability, the samples were put directly into water with their
PL monitored periodically under UV illumination (Figure 7a). The MAPbBr3 - PS, MAPbBr3 - PC,
MAPbBr3 - PVC and MAPbBr3 - ABS films immersed in water for two months reveal less than
10% decay in luminescence intensity, indicating predominant water stability. As for MAPbBr3 CA film, the brightness decayed to 5% of initial value after 48 hours, probably because of the
relatively higher water permeability of CA [24]. While MAPbBr3 – PMMA became non-
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luminescent right after being put into water since the MAPbBr3 crystals on surface were washed
out right away.

Figure 7: Water and thermal stability characterizations. (a) Photographs taken under white light
or UV irradiation at indicated time period. The composite samples immersed in water are
MAPbBr3-PS, MAPbBr3-PC, MAPbBr3-ABS, MAPbBr3-PVC, MAPbBr3-CA and MAPbBr3PMMA. b-d, Temperature-dependent PL intensity of composites MAPbBr3-PS (b), MAPbBr3PC (c) and MAPbBr3-ABS (d). Squares mark the first thermal cycle and triangles represent the
second thermal cycle. The solid symbols refer to heating stages and open symbols to cooling
stages. Black lines in (b) and (c) indicate Boltzmann fittings for the reversible heating, cooling
processes.
The thermal stability of water stable MAPbBr3 - polymer composites was then tested by
heating up to high temperature and cooling back to room temperature while monitoring the PL
spectra. Remarkably, the PL intensities (Figure 7), FWHM and peak wavelength of MAPbBr3 PS and MAPbBr3 - PC can fully recover after being heated to 100 °C and 110 °C, respectively.
14

Even after heating to 180 °C, the MAPbBr3 - PC still retains ~40% of initial intensity when getting
back to room temperature, indicating high thermal stability of these composites even without any
special barrier layer protection. As for MAPbBr3 - ABS composite film, the decrease of perovskite
brightness after cooling back from 100 °C might come from the degradation of ABS substrate, the
rubbery phase of which is known to be susceptible to environmental degradation at higher
temperature [25]. It is noted that for all three samples, no obvious changes were observed in the
UV-Vis absorption peaks and onsets after heating, indicating intact MAPbBr3 nanocrystals.
The exciton binding energy Eb can be obtained by fitting the temperature-dependence of
the integrated PL intensity within the reversible temperature range using Equation 1
I (T ) =

I0
1 + Ae − Eb / kBT

(1)

in which I0 is the intensity at 0K and KB is the Boltzmann constant. This model based on the theory
that in semiconductor material, bound electron-hole pairs are the primary photoexcited species
created in the absorption process. These electron-hole pairs are subjective to thermal dissociation,
and become less possible to recombine radiatively in a defect-contained environment. The binding
energy is a parameter to characterize how strong the electron-hole pairs are bound, and a larger
value is a sign of strong binding as well as less chance of the lost of electron-hole pairs in nonradiative recombination. For MAPbBr3-PS, we get Eb=270±15 meV and for MAPbBr3-PC
Eb=322±12.5 meV (Figure 7b, 7c). The A value is 16273 and 34119, respectively. This Eb value
is approaching to that of colloidal perovskite nanoparticles in solution and over 4X larger than the
bulk MAPbBr3 (50~70 meV) [17]. Such a large exciton binding energy indicates that the electronhole pairs are strongly bound and could yield efficient and stable excitonic radiative recombination.
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Selected from their good water and thermal stability, MAPbBr3-PS and MAPbBr3-PC
composites were then tested in harsh environment: boiling water. It has been observed that these
PPCs remain highly luminescent both in and after removal from boiling water, and the remained
morphology, brightness and structure are confirmed by microscopic, PL, and absorption
characterizations before and after boiling. In comparison, the luminescence of MAPbBr3 films
encapsulated with macroscopic PS or PC films were quickly lost in boiling water and can’t be
recovered.

2.6 Conclusion
In this chapter, we report a simple yet general SDM strategy to achieve a series of
ultrastable, highly luminescent CH3NH3PbBr3 (MAPbBr3) perovskite–polymer composite films.
Through the SDM process, great dispersion and intimate passivation of crystalline perovskite
nanoparticles within polymer matrix have been achieved. This process yields composite films with
high PLQY of up to 48%, high color purity showing FWHM down to 18 nm, and long average
fluorescence lifetime up to ≈502 ns. The PPC films possess unprecedented water and heat stability.
MAPbBr3–PS and MAPbBr3–PC composite films without any additional barrier layers can survive
boiling water treatment for 30 min with decay in PLQY of less than 15% and 7% respectively. We
anticipate this strategy would enable perovskites to have widespread applications as backlight
down converters for liquid crystal displays (LCDs), and other energy conversion photonics
applications.
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CHAPTER THREE: ALIGNED PEROVSKITE NANORODS (NRS)POLYMER WITH POLARIZED EMISSION
3.1 Introduction
The emission from conventional quantum dots or the above introduced perovskite
nanocrystals embedded in polymer matrix is isotropic and unpolarized, and when being used as
downconverters in LCD over 50% of the emitted light would be absorbed by the linear polarizer
before LC layer. Quantum rods (QRs) with polarized emission are promising candidates that can
increase the transmittance through the polarizer thus improving optical efficiency. To utilize the
polarized emission, the QRs must be aligned in the same direction. Several approaches have been
proposed, like electric/magnetic field induced alignment, by mechanical rubbing, electrospinning,
and using liquid crystal to help with the alignment. However, most of the QRs are still cadmium
contained, and require complicated synthesis at hot temperature, which means high production
cost. Moreover, these alignment methods still face the challenge of large scale fabrication. It is of
interest to find an easy-to-synthesize material that can also provide polarized emission but not
increasing the cost.
In this chapter, we report the synthesis of inorganic CsPbBr3 perovskite nanorods in
polymer matrix (NRs-PM) with good dimensional control, outstanding optical properties and
ultrahigh environmental stability, using SDM strategy. Polarization photoluminescence (PL)
imaging with high spatial resolution was carried out for the first time on single nanorod (NR) and
shows relatively high local polarization ratio (~0.4) consistent with theoretical predictions based
on a dielectric contrast model. We further demonstrate that macroscale alignment of the CsPbBr3
nanorods can be achieved through mechanically stretching the NRs-PM films at elevated
17

temperature, without deteriorating the optical quality of the NRs. A polarization ratio of 0.23 is
observed for these aligned NRs-PM films, suggesting their potential as polarized down-converters
to increase the light efficiency in liquid crystal display (LCD) backlights.

3.2 Synthesis of CsPbBr3 NRs-PM
The synthesis takes advantage of SDM strategy demonstrated in chapter two. As
schematically shown in Figure 8a, the CsPbBr3 perovskite precursor solution was introduced into
a polymer matrix (e.g. polystyrene) through solvent-induced swelling process and distributed inbetween the swollen polymer chains as stripe-shaped droplets. Subsequently, in an annealing
process, the solvent was driven out of the polymer matrix and perovskite nanocrystal nucleation
initiated soon after solvent evaporated. This allowed precursors in droplets to reach supersaturation,
which was followed by perovskite nanorod growth within the confinement of surrounding polymer
chain clusters. Meanwhile, the polymer matrix deswelled and shrank, passivating and protecting
the perovskite nanorods (Supporting experimental details).
In this system, the precursor content in each droplet has a direct effect on CsPbBr3 NRs’
size. It is therefore important to carefully monitor applied precursor concentration to achieve
control of NR size. Considering the kinetics of precursor distribution in polymer matrix, lower
precursor concentration leads to lower solution viscosity, which facilitates smaller droplets during
the SDM process, thus generating smaller NRs. Increasing the rotational speed of the spin-coating
process leads to more vigorous distribution of precursor droplets, also resulting in smaller droplet
size thus smaller NRs.
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Figure 8: In-situ synthesis of luminescent CsPbBr3 NRs-PM. (a) Scheme of CsPbBr3 NRs-PM
formation process through SDM. (b). Fluorescence microscopy images of NRs-PM synthesized
with different precursor concentrations and different spin-coating speeds. Focal planes were
adjusted to be ~4-5 mm underneath the top surface for all samples. Insets on the top and left are
schematic illustrations for droplet size under different conditions. (c) XRD pattern of CsPbBr3
NRs-PS with standard monoclinic CsPbBr3 (PDF 18-0364) as reference.
Inspection of NRs in polystyrene matrix (NRs-PS) prepared with different precursor
concentrations or spin-coating speeds with fluorescence microscopy (Figure 8b) clearly shows that
NRs size can be reduced either by lowering precursor concentration or by increasing spin speed.
The length of NRs can be tuned from as short as 1.27 ± 0.16 μm obtained with 12 mg/ml CsPbBr3
precursor at a speed of 3000 rpm to as long as 7.15 ± 0.43 um with 30 mg/ml precursor at 1000
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rpm speed (Figure 9-10), with standard deviation no more than 12% and actually less than 9% in
most of the conditions. The aspect ratios of the NRs synthesized at 1000 rpm/2000 rpm spin speed
can be derived from the fluorescence microscopic images, with values ranging from 7.66 to 10.88
(Figure 11). It is also worth noting that these NRs are only observed with the microscope focal
plane tuned to be several micrometers underneath the top surface, indicating good encapsulation
with deswelled polymers.

Figure 9: Statistical analysis on rod length distribution in the CsPbBr3 NRs-PS synthesized with
different precursor solution concentrations and different spin-coating speed based on fluorescent
microscopic images. The distribution was fit to Gaussian (blue) with mean value and standard
deviation shown in each diagram.
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Figure 10: Mean rod length in the CsPbBr3 NRs-PS synthesized with different precursor solution
concentrations and different spin-coating speed.

Figure 11: Statistical analysis on aspect ratios of the CsPbBr3 NRs-PS synthesized at 1000 rpm
/2000 rpm spin speed with different precursor concentrations, derived from the fluorescence
microscopic images in Figure 1. For the NRs-PS samples prepared at higher spin speed, it is
difficult to quantify the width or aspect ratios of the NRs because of the limited resolution of
optical microscope images.
XRD characterization was carried out to identify the crystal structure of the NRs-PM
(Figure 8c). Although overlapped with the broad band polystyrene signal, clear sharp peaks from
CsPbBr3 NRs can be recognized, which match very well with the monoclinic structure of CsPbBr3
21

(standard PDF card 18-0364). Lattice constant a and c were determined to be 5.84 Å and 5.88 Å,
respectively.
The in-situ SDM strategy is not limited to polystyrene substrates and appears to be a
feasible synthesis strategy for most polymers that undergo a swelling-deswelling process when
interacting with DMF solvent. In fact, fluorescent NR- PMs were also obtained with other polymer
substrates such as polycarbonate (PC) or acrylonitrile butadiene styrene (ABS) (Figure 12). The
rod sizes are not identical for different polymers even when the same precursors and processing
procedures were used. This is not surprising since the intrinsic polymer properties, such as swelling
ratio in DMF solvent, polymer chain length and cluster morphology, etc., can vary for different
polymers and may have a key impact on the dynamics of droplet distribution.

Figure 12: Fluorescent microscopic images of the CsPbBr3 NRs-PM samples synthesized with
different substrates: (a) NRs-PC; (b) NRs-ABS. Scale bar: 10 μm. Precursor concentration was
30 mg/ml and spin-coating speed was 1000 rpm for both.
3.3 Optical properties
Figure 13a shows the absorption and photoluminescence (PL) spectra of typical NRs-PS
samples, with absorption exciton peak at 520 nm and emission peak at around 526 nm. The narrow
18 nm full width at half maximum (FWHM) of the emission peak indicates excellent crystallinity
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and lack of defect states. Time-resolved PL decay of the NRs shows an average decay lifetime τavg
of ~50 ns, which is shorter than that observed for MAPbBr3-PS (130 ns) [18], as similarly noticed
in reference [1]. The NRs-PS films prepared under different conditions have photoluminescence
quantum yield (PLQY) values ranging from 23% to 30% (Table 3).

Figure 13: (a) UV-Vis absorption and PL spectra of NRs-PS (15mg/ml precursor, 2000 rpm). (b)
PL decay (green) and corresponding fit (red) of NRs-PS.
Table 3: Photoluminescence quantum yield (PLQY) of CsPbBr3 NRs-PS films obtained with
different precursor concentrations and different spin-coating speed.
Speed

12 mg/ml

15 mg/ml

20 mg/ml

30 mg/ml

1K

28%

25%

24%

23%

2K

30%

27%

29%

25%

3K

26%

28%

29%

24%

For NRs, it is of great interest to see if their emission has some special properties with
respect to their anisotropic shape. We therefore acquired single particle polarization PL images of
the NRs-PS using a home-built sample-scanning confocal microscope. The sample was imaged
over a 15 × 15 μm2 area including two NRs. The intensities of two perpendicular polarized PL
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signals (Ix and Iy) were collected simultaneously (Figure 14). The resulting polarization P (P=(IyIx)/(Iy+Ix)) image is shown in Figure 15a. The upper right rod which lies parallel to the y axis
mostly shows positive P values, as illustrated in the upper histogram in Figure 15b, indicating that
the PL emission is mostly polarized along the rod axis (Ix < Iy). On the other hand, the rod lying
in nearly perpendicular direction in the lower left corner is mapped with more negative P value
points (Figure 15b lower histogram), corresponding to Ix > Iy. This indicates that NRs with
perpendicular orientations tend to cancel the PL polarization of each other, and thus macroscale
NR alignment is necessary to avoid this polarization cancellation effect.

Figure 14: PL images of (a) x and (b) y polarization of the CsPbBr3 NRs-PS in a local 15 × 15
μm2 area.
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Figure 15: (a) Polarization map of NRs-PS. (b) Histograms of P (polarization) values obtained
from the upper right rod (up) and lower left (down) rod in (a).
The origin of polarized emission of the CsPbBr3 NRs-PS can be attributed to dielectric
contrast between the NRs and the surrounding polymer matrix environment [26]. Because of the
cylindrical shape, the electric field polarized parallel to the long axis is not reduced while the
electric field perpendicular to the long axis is attenuated and the ratio between the two is:
2ε m
E⊥
=
E/ / ε + ε m

(2)

where ε or ε m is the dielectric constant of the cylinder material or the environment
material respectively. The dielectric constant of polystyrene is around 2.6, while that of CsPbBr3
is estimated [27] to be 6.35, both in green wavelength range. The ratio between the electric fields
of two polarizations is calculated to be ~0.6, and as a result the polarization level P of light intensity
is ~0.47. For NRs with a limited aspect ratio, it is reasonable to see that most of P values are lower
than this limit. The P value of single NR could be further enhanced by increasing NRs’ aspect ratio
or using a polymer matrix with even lower dielectric constant.
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3.4 Stability
The intimate passivation of the perovskite NRs by the surrounding polymer matrix yields
great environmental stability even without further encapsulation. One as-obtained NRs-PS sheet
with initial PLQY of 29% was cut into two pieces and placed in air and water respectively, with
their luminescence periodically monitored. Interestingly, the NRs-PS became much brighter after
being immersed in water for 277 days (Figure 16a). In fact, the PLQY increased to 40% within
two weeks and then kept steady (Figure 17). The piece stored in air ended up with a PLQY of 31%.

Figure 16: Water and thermal stability characterizations. (a) Photographs of CsPbBr3 NRs-PS
film immersed in water. From left to right: NRs-PS film stored in water bottle under ambient or
UV illumination; Films brightness and PLQY at the beginning and after 277 days (top piece
stored in air and bottom piece stored in water). (b) Temperature dependent PL of NRs-PS (c)
Absorption and (d) PL emission spectra of the CsPbBr3 NRs-PS film before (black) and after
(red) boiling treatment.
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Figure 17: PLQY of CsPbBr3 NRs-PS film immersed in deionized water at different time.
Moisture enhanced PL in perovskite film has been reported before [28-32]. The temporal
PL enhancement was often attributed to reversible hydration and self-healing of the perovskite
lattice by hydrogen bonding induced deactivation of non-radiative recombination centers [33-36].
Such enhancement is usually observed in a relatively short period and further moisture exposure
dissolves the perovskite materials and eventually leads to material decomposition and
luminescence decay. Here, with the intimate protection of PM matrix, a very limited amount of
water molecules can penetrate inside to assist in the perovskite self-healing process over an
extended period, yet doesn’t appear to be able to induce perovskite dissolution. The absorption
and PL spectra before and after the extended water immersion test did not change much except
that the PL spectrum becomes slightly narrower (with FWHM decreased for 1nm) after water
storage (Figure 18), which is attributed to healing of defects in the NRs and further confirms their
outstanding long-term stability.
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Figure 18: (a) UV-Vis spectra and (b) PL spectra of the CsPbBr3 NRs-PS film before and after
immersion in water for 277 days.
Thermal stability was evaluated by heating up the NRs-PS film to 80 ˚C, which is close to
PS’s glass transition temperature, and then cooling back to room temperature (RT). The NRs
emission was quenched at higher temperature but could be fully recovered back at RT, as shown
in Figure 16b. The absorption and PL emission spectra are identical before and after the heating
process (Figure 19). To further test the performance under harsh treatment, half of the NRs-PS
film was cut and put into boiling water for 30 seconds. Even though the boiled piece curved due
to high temperature (Figure 16c inset), the boiled and unboiled samples showed similar
luminescent brightness under UV illumination (Figure 16d inset). The absorption of the film
remained unchanged after boiling, while the PL spectrum narrowed. As discussed above, heating
treatment alone wouldn’t induce such effect, so it is likely due to a water-assisted healing effect
similar to that observed in the water-immersed sample but now accelerated by the higher
temperature.
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Figure 19: (a) UV-Vis spectra and (b) PL spectra of the CsPbBr3 NRs-PS film before and after
thermal stability measurement.
Water induced PL enhancement and healing effect was also observed for boiled NRs-PC
sample and NRs-ABS sample stored in water for more than four months (NRs-ABS sample was
not boiled because the glass transition temperature of ABS is lower than 100℃), as shown in
Figure 20-21. This indicates the NRs-PM synthesized with our SDM strategy can generally benefit
from such a healing effect to obtain better optical performance.

Figure 20: (a) UV-Vis spectra and (b) PL spectra of the CsPbBr3 NRs-PC film before and after
boiling treatment; inset: photographs of CsPbBr3 NRs-PC film before (left) and after (right)
water boiling treatment (lower piece). The upper piece is not boiled for comparison (cutting from
one sample). Water enhanced PL is observed for the boiled sample.
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Figure 21: (a) UV-Vis spectra and (b) PL spectra of the CsPbBr3 NRs-ABS film before and after
immersion in water for 138 days; inset: photographs of CsPbBr3 NRs-ABS film at the beginning
(left) and after 138 days (right) under UV illumination. The upper piece was stored in air and the
lower piece was stored in water (cutting from one sample). Water enhanced PL is observed for
the sample stored in water.
3.5 Stretch-alignment of CsPbBr3 NRs-PS and polarized emission
To utilize the above demonstrated polarized PL of the NR and avoid cancellation effect
caused by random orientation distribution, macroscale alignment of these NRs is critical. The
outstanding stability of the NRs-PM makes this feasible through simple mechanical stretching at
elevated temperature. PS has a moderate glass transition temperature which allowed lab-testing of
this concept. Being heated with a heat gun in air (Figure 22a), the NRs-PS film was steadily
stretched to a final length that is 8 times longer. Well aligned NRs were found with 37% of them
lying in the ±1.5° range and 80% lying in ±4.5° range (Figure 22b) with respect to the stretching
direction. Angle dependent PL intensity for NRs-PS samples was measured polarization Ps was
derived from Ps=(Imax-Imin)/(Imax+Imin) (Figure 22c). The minor polarization of the NRs-PS
film before stretching was attributed to uneven distribution of NR orientations. The PL angular
dependence of the stretch-aligned NRs-PS complies well with a sinusoidal shape, with the
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maximum along the rod axis and the obtained highest Ps around 0.23. The polarization levels of
stretch-aligned NRs-PS synthesized at different conditions are listed in Table 4, which are
positively correlated to the aspect ratios of these NRs (Figure 23). As an average effect of polarized
emission from all NRs, the polarization levels of these macroscale samples are consistent with the
P value statistics obtained in single NR polarization PL imaging. More over Moreover, the
polarized PL is almost independent from the polarization of the excitation laser beam.

Figure 22: Stretch-alignment of CsPbBr3 NRs-PS. (a) Up: setup for stretching the NRs-PS film;
Middle: enlarged NRs-PS sample illustration; Down: Fluorescent microscopic image of stretchaligned NRs. (b) Angle distribution of stretch-aligned NRs (in image a down). Elongation ratio is
8 to 1. (c) PL polarization of unstretched (up)/ stretch-aligned (down) NRs-PS.
We believe the process of stretching and aligning the NRs-PM film can easily be carried
out in large scale given the maturity of industrial polymer processing techniques. With a
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polarization of 0.23, the aligned NRs-PM film can possibly improve the transmitted backlight in
liquid crystal displays (LCD) from 50% to 62%. Furthermore, the polarization level of aligned
NRs can be improved by obtaining larger NR aspect ratio and using lower dielectric constant
polymer material as matrix.
Table 4: Polarization level of the stretch-aligned NRs-PS synthesized at different conditions.
Spin speed

Polarization level
12 mg/mL

15 mg/mL

20 mg/mL

30 mg/mL

1k

0.20

0.14

0.14

0.15

2k

0.23

0.20

0.21

0.13

3k

0.14

0.19

0.16

0.13

Figure 23: Correlation between polarization level of aligned NRs and NRs’ average aspect ratio
for CsPbBr3 NRs-PS synthesized at 1000 rpm /2000 rpm spin speed with different precursor
concentrations.
3.6 Conclusion
In conclusion, we demonstrate the in-situ synthesis of stable, luminescent CsPbBr3
perovskite NRs-PM with excellent emission color purity and size control using SDM strategy.
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Polarized emission from single NRs along the long axis was observed in polarized PL imaging. A
relatively high local polarization ratio (∼0.4) is observed on single NR, consistent with theoretical
predictions based on a dielectric contrast model. Without further encapsulation, NRs-PM
demonstrated excellent water and thermal stabilities and can survive harsh treatment with retained
or even enhanced luminescence efficiency. The NRs-PM can be easily aligned with good direction
uniformity on the macroscale and show polarized emission with a polarization value of 0.23. With
further investigations and improvements in emission polarization, the perovskite NRs-PM could
be promising building blocks for more efficient LCD backlight or other optical and photonic
applications.
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CHAPTER FOUR: LIGAND ASSISTED SWELLING-DESWELLING
MICROENCAPSULATION (LASDM) FOR STABLE, COLOR TUNABLE
PEROVSKITE-POLYMER COMPOSITES
4.1 Introduction
Previously we reported an in-situ swelling deswelling microencapsulation (SDM) strategy
to achieve well dispersed, intimately passivated MAPbBr3 PNCs inside polymer matrices that can
survive boiling water treatment for 30 min, or two months of immersion in water with less than
7% efficiency loss. The green perovskite-polymer composites demonstrate good PL efficiency and
high color purity. When this strategy is applied to CsPbBr3, which has a relatively lower solubility
in DMF, CsPbBr3 NRs-PM could be obtained with dimensional control, high environmental
stability and polarized green emission with narrow FWHM. Moreover, the mechanical property of
the polymer substrate provides the feasibility of stretch-alignment of the NRs, which make them a
good candidate for polarized down-converters for LCD backlight. For perovskite nanocrystal
synthesis, small particle size is always favored in order to get strong excitonic feature for high
quantum efficiency [17, 37-39]. However, in these early SDM developments, size control of
perovskite nanocrystals remains challenging, and when higher concentration precursor solution is
used, the as-obtained MAPbBr3 PPC film would yield lower PL efficiency due to worse dispersion
of perovskites in the polymer and larger particle size (Table 5), known as concentration quenching.
Size reduction from micron scale to sub-micron scale has been observed for CsPbBr3 NRs-PM by
changing processing dynamics (for example, by increasing spincoating speed), but the decreased
nanocrystal size is still not small enough to introduce effective excitonic confinement and barely
any efficiency improvement is noticed.
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Table 5: Precursor-concentration dependent photoluminescence quantum yield (PLQY) of
MAPbBr3 - polymer composite films.
substrate

PLQY (%) of samples prepared with different precursor concentrations
5 mg·ml-1

10 mg·ml-1

20 mg·ml-1

50 mg·ml-1

PS

34

29

5

3

PC

31

27

21

4

ABS

48

41

38

19

CA

47

27

13

3

PVC

16

13

9

14

Long chain alkylamine, such as octylamine (OcA) or oleylamine (OlA), and carboxylic
acid such as oleic acid (OA) have been widely used as capping ligands in solution synthesis of
perovskite quantum dots (PQDs), to help engineer the dynamics of crystallization, control the
PQDs size, coordinate surface sites and improve colloidal stability [40-44].
In this chapter, we report a ligand assisted SDM for in-situ synthesis of metal halide
perovskite nanocrystals in polymer matrix with high stability, wide color tunablity, good color
purity, and demonstrate it as a facile strategy to be applied to different perovskite precursor
compounds, different substrates and different processes. Ligands help form micelle during
swelling process and benefit for small nanocrystal formation, and subsequently act as nanocrystal
surface coordinators and stabilizers after crystallization. As a result, PL efficiency is improved,
and high PLQY of larger than 70% can be achieved for PPCs of a wide range of optical density
(0.05 ~0.78) without concentration quenching. PPCs of various emitting colors ranging from blue
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to near-infrared can be obtained, and show excellent stability that can survive boiling water
treatment.

4.2 Scheme of ligand assisted swelling-deswelling microencapsulation (LASDM)
The scheme of the ligand assisted SDM strategy is illustrated in Figure 24a. As the
precursor solution containing perovskite precursors, ligands and DMF being introduced to polymer
substrates, for example, by spincoating, the solvent induced polymer swelling effect will bring
perovskite precursors and ligands in between swollen polymer chains. The ligands molecules tend
to surround the perovskite precursors with the hydrophilic functional group facing inwards and
hydrophobic molecular end facing outwards to the polymer chains, thus forming micelles inside
the swollen polymer matrix. The formation of such micelles facilitates excellent dispersion of
perovskite precursors in small droplets, even at higher concentration. When the solvent evaporates,
the perovskite precursors inside the micelles will crystalize, forming ligands-capped perovskite
nanocrystals which are well dispersed inside the deswelled polymer matrix. Long chain carboxylic
acid and alkylamine are common choices of ligands employed in most solution synthesis of
perovskite quantum dots, with organic acid always claimed to help with solvating precursors and
providing the colloidal stability while alkylamine being responsible for dimensional and size
control [17, 43, 44]. By implementing the ligand pair of OA and OcA/OlA in this work, brightly
luminescent PPCs of different colors have been obtained, and in order to further understand the
role of both ligands and whether OA is a necessity in the swollen polymer matrix crystallization
environment, single alkylamine (OcA or OlA) implementation and ligand-free condition are also
evaluated for comparison and will be discussed later
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Figure 24: Ligand assisted swelling deswelling microencapsulation (LASDM) strategy to
fabricate stable, color tunable perovskite-polymer composites. (a) Schematic illustration of
LASDM strategy. (b-d) Images of spin-coated luminescent perovskite-polymer composite
samples ((b) perovskite-PS, (c) perovskite-PC or (d) perovskite-ABS) emitting different colors
from deep blue to near infrared under UV excitation (380 nm). (e) Image of perovskite-PS
sample prepared by cotton swab painting, immersed in water under UV excitation (380nm).
The strategy can be generally applied to a series of commonly used polymer substrates,
such as polystyrene (PS), cellulose acetate (CA) and acrylonitrile butadiene styrene (ABS). By
using different halide component or mixture of two halides of different ratios, different color
emission can be easily obtained for the perovskite PPCs. Figure 24b, c and d show CsPbX3-PS,
CsPbX3-CA, CsPbX3-ABS composites of different emitting colors under UV excitation,
respectively.
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As results of good nanoparticle dispersion, ligands-induced coordination and stabilization
and intimate polymer microencapsulation, the PPCs demonstrate high photoluminescence
efficiency and excellent environmental stability. Figure 24e shows a multi-color perovskite picture
immersed in water under UV excitation, which is prepared by applying the LASDM strategy with
cotton swab painting on PS substrate. The environmental robustness of PPCs will be discussed in
detail later.

4.3 Crystal structural properties
XRD characterization was carried out on CsPbX3 PPCs prepared with the quasi-continuous
halide mixtures, with assistance of oleic acid (OA) and octylamine (OcA) ligands of a molar ratio
1:1 (Figure 25a). The XRD pattern of all the PPCs contain a broad band which comes from the
polystyrene substrate and two distinct diffraction peaks that can be addressed to 100 and 200
CsPbX3 crystalline peaks of cubic structure. For some curves, the 110 peak is also distinguishable.
These characteristic peaks shift to smaller angles, which means larger lattice numbers, when more
Br is incorporated in Cl-Br mixture, and more I incorporated in Br-I mixture. This is because the
ion radii of the halides are in the order of: I>Br>Cl. HRTEM of CsPbClBr2, CsPbBr3, CsPbBrI2
PPC samples show a 200 plane lattice constant of 2.89 Å, 2.93 Å and 3.07 Å, respectively, which
matches exactly to that derived from XRD 200 peak angle. The 200 lattice constants of all PPCs
with different halide/halide mixtures can be derived from XRD peak angles, as shown in Figure
25c. Nearly linear trends are observed upon halide composition tuning in Br-Cl range and Br-I
range.
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Figure 25: (a) XRD patterns of CsPbX3-PS composites and blank PS substrate. (b) Cross-section
HRTEM image of CsPbCl1.5Br1.5-PS (up), CsPbBr3-PS (middle), CsPbBrI2-PS (down) composite
samples. (c) Lattice constant of [200] face derived from XRD, of samples with different
perovskite compositions.
With no need for colloidal stabilization in the in situ SDM process, it is questionable
whether OA plays a critical role in the ligands assistance. To investigate the performance of
alkylamine-only ligand choice in the LASDM, XRD characterizations are also carried out on PPCs
39

prepared with one amine ligand (OcA). Similar patterns can be seen in Figure 26, including clear
100, 200, and 110 peaks, identifying cubic crystal structure. The major noticable difference is that
the peaks are relatively narrower than those of PPCs prepared with OA and OcA ligand pair shown
in Figure 25a. In fact, the full-width-of-half-maximum (FWHM) of the prominent XRD 200 peaks
can be used for deriving average crystal size using Scherrer equation [15, 45].The calculated
average crystal sizes for PPCs prepared with ligand pair or one ligand are summarized in Figure
27. It can be seen that for almost all the perovskite halide compositions, perovskite nanocrystals
with smaller size are obtained when ligand pair is used. Size control has always been critical in
perovskite nanocrystal synthesis and small particle size is proved to be beneficial for PL efficiency.
In hard template assisted perovskite synthesis, pore size of the template has been utilized to
manipulate PNC size distribution [46-48]. As for colloidal synthesis, temperature monitoring and
ligand amount tuning has been proved effective to control the particle size thus optical properties.
For SDM, we have reported that perovskite precursor solubility, concentration, processing kinetics
(spincoating speed, etc.) can all have effect on PNC size distribution. In order to get better size
control and avoid concentration quenching at higher concentration, ligands are introduced to
facilitate micelle formation in the swelling stage. Results from the XRD measurements indicate
that oleic acid and alkylamine ligand pair can provide more effective micelle size control compared
to amine ligand only. This could be attributed to that the incorporation of oleic acid can protonate
amine and help it more actively bind to bromide. In addition, the ion pair formed by oleate and
alkylammonium would also bind to the charge neutral perovskite precursor [41].
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Figure 26: XRD patterns of CsPbX3-PS composites prepared with single ligand.

Figure 27: Comparison of the average crystallite size in CsPbX3-PS composites prepared with
two ligands versus single ligand.
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4.4 Optical properties
Figure 28 shows optical properties of the PPCs of different emitting wavelengths. As
mentioned earlier, the bandgap of the perovskite thus emitting color can be tuned continuously
when the halide composition is modified. Figure 28a provides the absorption and PL emission
spectra of CsPbX3 based PPCs from blue to near infrared spectral range, when X is tuned from
chloride and bromide mixture to pure iodine. The peak wavelength and FWHM for different halide
mixtures are listed in Table 6. The PL emission peak energy has a well fit linear relationship with
halide composition (Figure 29), from which we can learn that different halide mixtures in the
perovskite precursor are mixed uniformly in the synthesized nanocrystals. Benefited from the
linear relationship, precursor can be easily designed for any target emitting wavelength. On the
other hand, from the color coordinates shown in CIE 1931 RGB color space diagram (Figure 28b),
it can be seen that the emission colors are pretty saturated, demonstrating great potential in
reproducing any natural color by arbitrary combination. This facilitates the use of the color tunable
PPCs for down-conversion applications such as tailored lighting, LCD, etc. for better color
rendering.
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Figure 28: Optical properties of CsPbX3-PS composite films. (a) UV-vis absorption (solid lines)
and PL emission (dash lines) spectra. (b) Color coordinates of CsPbX3-PS PL emission
properties shown in CIE 1931 diagram indicating the color purities. Rec. 2020 (black line)
standard is shown for comparison. (c) PL decay curves of blue, green and red CsPbsX3-PS
composite films under 375 nm excitation.
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Table 6: PL emission peak wavelength and FWHM of CsPbX3-PS composites of different halide
compositions.
Composition

Peak wavelength (nm)

FWHM (nm)

CsPbCl2Br1

454.0

19.4

CsPbCl1.2Br1.8

482.1

17.6

CsPbCl1Br2

492.0

17.2

CsPbCl0.75Br2.25

501.6

18.5

CsPbCl0.45Br2.55

512.0

17.4

CsPbBr3

527.3

17.8

CsPbBr2.25I0.75

560.0

24.6

CsPbBr2I1

593.7

33.4

CsPbBr1.8I1.2

606.9

35.9

CsPbBr1.5I1.5

640.5

41.5

CsPbBr1I2

655.4

30.0

CsPbBr0.75I2.25

665.5

31.2

CsPbI3

705.5

36.5

Figure 29: Compositional PL tuning diagram of CsPbX3-PS composites.
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As demonstrated in Figure 24, LASDM can be applied to a series of polymers. Different
polymer substrates might be preferred in specific application scenarios, due to varying mechanical
and optical properties. In this work, several representative polymers are applied with LASDM to
demonstrate the generality of the strategy. Polystyrene is a widely used transparent, cheap
thermoplastic packaging material that has a low glass transition temperature Tg and can be easily
molded; Celloluse acetate has high moisture and oxygen permeability, and therefore sensitive to
environment and can be used for sensing application; Acrylonitrile-butadiene-styrene (ABS) is a
highly scattering engineering thermoplastic terpolymer with good mechanical properties,
especially high impact resistance, as well as machining ease for different forms such as 3D
printing. Figure 30 shows the series of PL spectra of CsPbX3-CA, CsPbX3-ABS PPCs and their
corresponding PL peak energy correlation with halide mixture compositions, respectively. Similar
to CsPbX3-PS, the spectra have a nearly linear dependence on halide composition. In fact, the peak
wavelength of PPCs prepared with identical precursor but different substrates are quite similar,
while the bandwidth might vary a little. This might be due to the different swelling properties of
the substrates. Hildebrand solubility parameter (𝛿𝛿) is a parameter commonly used to evaluate the
polymer-solvent interaction. Table 7 listed the typical 𝛿𝛿 for the three polymers used in this work,
and the solvent DMF has a 𝛿𝛿 of 24.62 [49, 50]. The closer the values of the polymer and the solvent
are, the more likely they seem to be soluble, which in our case, would mean more easily to be

swelled. The swelling level would also influence the deswelling rate as well as crystallization
process and thus spectra.
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Figure 30: (a) PL emission spectra of mixed halide CsPbX3-CA composites. (b) Compositional
PL tuning diagram of CsPbX3-CA composites. (c) PL emission spectra of mixed halide CsPbX3ABS composites. (d) Compositional PL tuning diagram of CsPbX3-ABS composites.

Table 7: Hildebrand solubility parameters of different polymers.
Polymer

Hildebrand solubility parameter (Mpa1/2)

Polystyrene (PS)

19

Cellulose acetate (CA)

25.1

Acrylonitrile butadiene styrene (ABS)

19.2~21.35
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Figure 31: (a) PL emission spectra of mixed halide MAPbX3-PS composites. (b) Compositional
PL tuning diagram of MAPbX3-PS composites.
LASDM not only applies to inorganic CsPbX3 perovskite materials, but also works well
for organic inorganic hybrid perovskites, such as MAPbX3. The PL spectra and peak energy of
MAPbX3-PS PPCs are shown in Figure 31, specifically, demonstrating a longer wavelength of
764nm for pure iodine halide composition, due to the intrinsic material bandgap property.
PL decay lifetime curves are shown in Figure 28c with an average value of 40 ns, 149 ns
and 215 ns for blue, green, red sample, respectively. These values are much longer than the
reported ones which are typically less than 30 ns, for perovskite nanoparticles in solution or with
further encapsulation [1, 51], indicating high crystallization quality with less non-recombination
states.
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Benefit from effective perovskite nanocrystal size reduction with ligands assistance, the
improvement of PL performance is significant. The brightness enhancement for RGB PPCs
prepared without ligand, with amine ligand only and with ligand pair is clearly seen in photos
taken under the same excitation condition with identical camera exposure (Figure 32a-c). For
quantitative comparison, the samples’ relative PL are measured using fixed setup under laser (405
nm) excitation (Figure 32d-f). By applying one amine ligand, blue and green samples can be
around twice brighter, while red sample has 14 folds PL enhancement. Furthermore, when long
chain amine and oleic acid ligand pair is incorporated, magnificent PL enhancement is observed,
with ten folds for blue, 30 folds for green and 40 folds for red PPCs.

Figure 32: Photographs of the luminescent (a) blue, (b) green and (c) red CsPbX3-PS composites
prepared with (left) no ligand, (middle) one ligand or (right) two ligands, taken under UV
excitation. All photos are taken with identical camera exposure setting. Comparison of PL
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emission spectra and relative PL intensity of (d) blue, (e) green and (f) red CsPbX3-PS
composites prepared with no ligand (black line), one ligand (blue line) or two ligands (red line).
The obvious improvement can be attributed to two main reasons. First, perovskite
nanocrystal size reduction due to micelle formation with ligands assistance could lead to stronger
quantum confinement of the excitons and improved radiative recombination. The micelle
confinement effect and size reduction is also observed in the UV-Vis spectra. In typical UV-VIS
measurements, the scattering of the measured sample can be ignored; and the as obtained curves
represent absorption spectra. But when the particle size are at similar level with the incident light
wavelength, effect of Mie scattering will clearly show up as a long tail in measured UV-Vis
spectra. The smaller the particles are, the weaker scattering there will be, and then weaker tail
effect will be involved in UV-Vis spectra. Ambient photographs and UV-Vis spectra of RGB PPCs
prepared without ligand, with amine ligand only and with ligand pair are shown in Figure 33 and
34. The samples with ligand pair are the clearest, because of largely reduced scattering, as indicated
by the UV-Vis spectra. It can also be derived that ligand pair is much more effective than amine
ligand only, in micelle confinement and size control. Second, the ligands can passivate
uncoordinated surface sites of the nanocrystals, thus mitigating non-radiative recombination. This
can be supported by decay lifetime characterization (Figure 35), in which the CsPbBr3-PS
composites prepared with ligand pair pocesess the longest average decay lifetime of 55 ns. The PL
decay curves are fit with bi-exponential decay function with the corresponding lifetimes and
proportions summerized in Table 8. The fast PL lifetime almost remains constant under different
ligand conditions, which could be addressed to bulk recombination lifetime. The slow PL lifetime
varies when ligand(s) is (are) used, which should be induced by perovskite nanocrystal size
variation or surface condition change. The lifetimes of perovskite have been reported before and
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is dependant on many factors such as excitation power, crystallite size, film configuration and
morphology [52-58]. Longer lifetime is usually observed along with better carrier PL efficiency
and is commonly taken as a sign of better material purity and good passivation of perovskite
surfaces [53, 55-57]. Typically, smaller particle size is associated with shorter PL lifetime, due to
increased surface areas and likely larger number of surface defects [58]. On the contrary, for
perovskite PPCs, longer slow PL lifetime is observed for smaller nanocrystals synthesized with
ligand(s)’ assistance. This indicates reduced density of surface traps thus nonradiative
recombination channels. Especially when ligand pair is used, the slow PL lifetime can be as long
as 138 ns, as a result of improved surface coordination and passivation from ligands.

Figure 33: Photographs of (a) blue, (b) green and (c) red CsPbX3-PS composites prepared with
(left) no ligand, (middle) one ligand or (right) two ligands, taken under ambient light.
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Figure 34: UV-Vis spectra including scattering effect of the (a) blue, (b) green and (c) red
CsPbX3-PS composites prepared with no ligand (black line), one ligand (blue line), or two
ligands (red line).

Figure 35: PL decay curves for CsPbBr3-PS composites prepared with no ligand (black line), one
ligand (dark green line), or two ligands (green line). Red lines are the fitting curves for each
condition.
Table 8: PL decay lifetime of CsPbBr3-PS composites prepared with different ligand conditions.
τ1: slow PL lifetime, τ2: fast PL lifetime, τavg: average PL lifetime.
Condition

τ1
(ns)

f1
(%)

τ2
(ns)

f2
(%)

τavg.
(ns)

No ligand

26.77

72.4

64.2

27.6

37.1

One ligand

27.4

72.6

97.1

27.4

46.5

Ligand pair

25.5

73.8

137.7

26.2

55.0
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Excellent size control with ligands assistance is especially advantageous for obtaining high
optical density (OD) PPC film without efficiency quenching. When using high concentration
perovskite precursor solution without ligand, for example, 0.075mmol MAPbBr3 solution, PL
efficiency drops a lot due to concentration quenching (Table 5). With the assistance of ligand pair,
high OD MAPbBr3 PPC film prepared with 0.15mmol MAPbBr3 solution is obtained with high
PL efficiency. Figure 36 demonstrates side by side highly transparent film and high OD film, under
ambient light (up) or UV excitation (down). These two films have an OD of 0.05 and 0.775 at 450
nm, which means transmittance of 88% and 17%, respectively. Both have PLQY higher than 70%.

Figure 36: Photograph of green perovskite-polymer films of different optical density under
ambient light (up) and under UV excitation (down).
4.5 Stability
The size control and surface passivation by ligands, as well as excellent microencapsulation
and intimate protection of polymer matrix, contribute to the robustness of the PPCs synthesized
by LASDM to survive exposure to environmental factors such as moisture, heat, etc. Figure 37a
shows RGB PPCs that have been immersed in water for two months. In fact, as-synthesized PPC
films were split into two pieces each, with one left in air and the other stored in water, both without
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extra encapsulation. After two months both pieces don’t show obvious luminance decay (Figure
37b-c), and UV-Vis and PL spectra for blue and green samples show no change (Figure 38). A
slight difference is noticed for the red sample stored in water for two months, as it has one more
absorption peak at around 435 nm, which can be addressed to the yellow 1-D orthorhombic phase
[59]. In fact, structural instability is pronounced for iodine based perovskites (Cs and FA based),
because of the fact that their 3D polymorphs are metastable and can easily transit to wide-bandgap
1D polymorphs [60-64]. As a result, red and near infrared perovskite suffer from the stability
challenge and is more prone to surface defects and environmental factors, known as the “red wall”.
Although after two months of immersion in water the 1D phase starts to show up, which indicates
the not-low-enough water permeability of barrier PS matrix, the one stored in air with average 50%
humidity in Florida hasn’t gotten this problem. Specifically, CsPbI3 is usually claimed to be highly
unstable and could retain their red PL for several weeks only [65], but CsPbI3 PPCs obtained with
LASDM in this work is stored in air for more than six months and still show strong PL emission
around 700 nm (Figure 39), with a 10% brightness enhancement. The 1D orthorhombic phase still
evolves as indicated in the absorption spectrum, but the reason for PL brightness enhancement is
unclear and need further investigation. In order to characterize the thermal stability, RGB PPCs
are heated up to 80°C which is close to the glass transition temperature of PS matrix (Tg ~ 90°C)
while the PL intensity monitored. All of the PPCs of different halide compositions and emitting
colors can retain initial PL intensity after cooled down to room temperature (Figure 37d-f), with
identical absorption and emission spectra (Figure 40). Especially for the red PPCs, which could be
more subject to phase transition at elevated temperature, no signal of yellow phase appears after
the heating treatment. Given the excellent water and thermal stability, the PPCs are then tested in
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boiling water for more than 30s (supporting videos). After boiling, the sample is put together with
the reference for brightness comparison (Figure 37g-i, inset photographs). Relative PL spectra are
measured, and it is seen that blue and green sample almost retain same brightness before/after
boiling treatment, while surprisingly red PPCs have 1.7 fold PL enhancement after boiling.
Moisture enhanced PL has been reported for perovskite materials and could be explained by
hydrogen bonding induced deactivation of nonratiative recombination centers. Limited amount of
water molecule penetration might be helpful, learned from the result, before excessive water
causing any phase transition (Figure 41).These results indicate that LASDM can effectively
stabilize the crystal structure and slow down the phase transition, and with further selection of
polymer substrate of lower permeability, better stability performance is expected.

54

Figure 37: Water and thermal stability characterizations. (a) Photographs of blue, green and red
CsPbX3-PS composite film samples in water under UV irradiation after two months’ water
immersion. (b) &(c) Each film sample was cut into two pieces from the beginning, with one
piece stored in air and the other immersed in water. Photographs of two pieces in one frame
taken (a) at the beginning and (c) after two months. (d-f) Temperature-dependent PL intensity of
(d) blue, (e) green, (f) red CsPbX3-PS composites. Solid symbol and red line refer to heating
process and open symbol and blue dash line refer to cooling process. (g-i) Comparison of PL
emission spectra and relative PL intensity of (g) blue, (h) green and (i) red CsPbX3-PS
composites before (black line) and after (red line) boiling treatment. Inset are the photos of
unboiled piece (up) and boiled piece (down) originally cut from one sample.
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Figure 38: (a-c) UV-vis spectra and (d-f) normalized PL emission spectra of samples at initial
state, after two months in air, or after two months in water. (a, d) blue CsPbClBr2-PS composites.
(b, e) green CsPbBr3-PS composites. (c, f) red CsPbBrI2-PS composites.

Figure 39: (a) UV-vis spectra and (b) PL emission spectra of CsPbI3-PS composites before and
after six months storage in air.
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Figure 40: (a-c) UV-vis spectra and (d-f) normalized PL emission spectra of samples before and
after heating treatment. (a, d) blue CsPbClBr2-PS composites. (b, e) green CsPbBr3-PS
composites. (c, f) red CsPbBrI2-PS composites.

Figure 41: UV-vis spectra of samples before and after boiling treatment. (a) Blue CsPbClBr2-PS
composites. (b) Green CsPbBr3-PS composites. (c) Red CsPbBrI2-PS composites.
4.6 Conclusion
In this chapter, we develop LASDM that enables the synthesis of PPCs of different
emission colors covering spectral range from blue to near infrared with improved PL efficiency,
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and reduced concentration quenching. The introduction of ligands in perovskite precursor solution
for SDM assists micelle formation during swelling process and thus facilitates smaller perovskite
particle size upon crystallization. The size reduction effect of LASDM is proved in broader XRD
peaks and reduced scattering tail in UV-Vis spectra. Moreover, elongated decay lifetime indicates
less non-radiative defect centers which might be attributed to better surface coordination by
ligands. By tuning the halide composition, PPCs of different emission colors are obtained with
narrow FWHM of 17nm ~ 43 nm. High PL efficiency of larger than 70% can be achieved for PPCs
of a wide range of optical density (0.05 ~ 0.78) without concentration quenching. These PPCs can
survive boiling water treatment with no obvious PL decay or even brightness enhancement,
representing excellent heat and water stability. The continuously tunable emission spectra, super
low processing cost and outstanding environmental stability make these PPC films highly
promising downconverter options for a broad range of photonics applications.

58

CHAPTER FIVE: HYBRID DOWNCONVERTERS FOR WIDE COLOR
GAMUT DISPLAYS
5.1 Introduction
Since the International Telecommunication Union (ITU) recommendation (ITU-R
BT.2246-2 & BT.2020) for ultra-high definition (UHD) television came out [66], the display
industry is moving toward higher color performance, which would represent the color truthfully.
To achieve this goal, narrow emission downconverters such as QDs have been widely used in
liquid crystal display (LCD) backlight system, and realize greater than 90% coverage of ITU’s
recommended color gamut standard (commonly referred to as Rec. 2020) [67-70]. However, the
well-developed narrow emitting (20-30 nm) QDs are mostly cadmium selenide (CdSe) based,
while Cd is one of the regulated materials in the Restriction of Hazardous Substances (RoHS)
Directive by European Union. The maximum allowable concentration for Cd in consumable
electronics is 100 ppm, which is difficult to meet. Because of the limited stability of QDs, they are
most widely used in thin film “on surface” configuration, which provides mild use-conditions, but
requires large amount of QD materials. The “on surface” configuration has been a cost limiting
factor of QDs, which are usually synthesized in sophisticated hot-injection process.
On the other hand, the development of narrow linewidth phosphors which can be used
directly on LED chips provide a low-cost alternative for realizing wide color gamut [71]. Among
the several phosphor systems that are under active developments, K2SiF6:Mn4+ (KSF or PFS) is a
narrow-band red phosphor with five sharp emission lines and the most intensified one peaks at 631
nm, and it has been widely used in LCD backlight with high efficiency and stability since the
successful commercialization by GE [72, 73]. Another red phosphor Sr[LiAl3N4]:Eu2+ (SLA) also
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shows high efficiency with longer, yet broader emission peak [74]. In comparison to red ones,
green emitting phosphors normally have broader peaks, thus limiting the overall color gamut this
“on chip” phosphor configuration can possibly achieve.
Because of the process simplicity, low cost, high stability, high luminescence efficiency
and great color purity, the green perovskite polymer composite films have great potential to be
used as downconverters for the BLU of wide color gamut LCDs, particularly when being
hybridized with other state-of-the art red emitters.

5.2 Backlight system configuration
Three commonly used backlight downconverter geometries are “on-chip”, “on-edge” and
“on-surface”. A hybrid backlight system can be comprised of a blue LED, a green MAPbBr3 (OIP)
-polymer film and red downconverter (QD or phosphor) in two configurations as described below:

Figure 42: Backlight system configuration for (a) On-surface green OIP and red QD films
excited by blue LEDs, and (b) On-surface green OIP and on-chip red phosphor excited by blue
LEDs.
1. On-surface Green OIP and Red QDs films excited by blue LEDs: Since at current stage
QDs would mostly suffer from lifetime and stability decrease in “on-chip” design due to high flux
and high LED junction temperature (~150 °C), it is better to use “on-surface” configuration. To
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reduce reabsorption and enhance the photoluminescence, layered structure was found to be more
effective with green emitters on top of red emitters [75]. Figure 42a shows the configuration of
“back-to-back” green OIP/ red QDs film pumped by blue LED.
2. On-surface Green OIP and on-chip Red KSF Phosphor/Red SLA Phosphor excited by
blue LEDs: With phosphors’ high quantum efficiency and good stability especially under high
temperature, the best configuration for this combination is “on-chip” packaged red phosphors on
blue LED and remote “on-surface” green perovskite film, as shown in Figure 42b.

5.3 Analysis of color gamut coverage and total light efficiency
Color gamut coverage and total light efficiency (TLE) are the two main parameters to
evaluate color and efficiency performance of a BLU system and they can be derived from spectral
analysis of the primary colors. The green spectrum used in all calculation was measured from our
OIP-PS film, i.e. peak wavelength λ= 530 nm and FWHM= 18 nm. The blue spectrum was
measured from purchased high power LED, with λ= 450 nm and FWHM= 18.5 nm. The red QD
spectrum was measured from CdSe-based colloidal QDs synthesized in-house using reported
method, with λ= 630 nm and FWHM= 22.7 nm. The KSF phosphor spectrum was taken from [72],
and SLA phosphor spectrum from [74]. All the primary colors are marked in CIE 1931 diagram
without passing through the LC layer or color filters so that we can get an idea of the color purity
of each source (Figure 43). Because the peak wavelength of QDs can be easily tuned through
particle size control, the “Red QD” points represent original QD spectrum centered at 630 nm,
redshifted spectra centered at 635 nm, 640 nm, 650 nm, from top-left to down-right, respectively.
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Figure 43: RGB color primaries in CIE 1931. Rec.2020 is plotted for reference. Inset shows
details of different red emitters.
When carrying out spectra analysis for color gamut, a common practice is to use Gaussian
spectrum based on the peak wavelength and FWHM of the emission, since it is convenient to tune
the characters of the spectrum and analyze the wavelength/FWHM effect on the performance.
However, when it comes to a specific backlight, it is better to do analysis based on experimental
spectral data without Gaussian fitting, to provide more realistic and accurate performance of the
backlight. To simply show the discrepancy of Gaussian fitting here, we also mark the position of
Gaussian fitted OIP spectrum in Figure 44. We can see that even with the same FWHM, the fitted
spectrum “appears” much purer because the tail is cut off. To ensure the reliability of the results,
all the spectra used for calculation in this paper are original (shown in Figure 44) without Gaussian
fitting or other processing. During the calculation, commercial color filters are employed, whose
transmission spectra are shown in Figure 45. Color filter-1 (CF-1) has higher transmittance but
larger overlap between adjacent colors, while Color filter-2 (CF-2) has less color crosstalk, yet the
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transmittance for blue and green is reduced by ~20%. So, there is always tradeoff between color
purity and total light efficiency, which will be discussed in detail in each BLU combination. The
BLU color gamut without passing through LC/color filter is also calculated for reference.

Figure 44: Spectra of RGB primary colors used for calculation.

Figure 45: Transmission spectra of two commercial color filters.
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The Rec.2020 color gamut coverages in CIE 1931 and TLE are listed in Table 8. TLE
represents how much input light transmits through the LCD panel and finally gets converted to the
brightness perceived by human eye, without considering the emitters’ own PLQY or downconversion efficiency. Since we use green OIP-PS spectrum and blue LED for all the BLUs, and
the only difference among each BLU is the red emitter. Thus, we only list the red color materials
in Table 8.
From Table 8, we can see that after passing through CF-1, the color gamut coverages shrink
a lot, mainly due to color crosstalk [76]. After passing through the narrower CF-2 filters, the color
gamut is wider than that of the original BLU. We can also observe the difference in Figure 46, in
which the BLUs with red QD630/KSF Phosphor/SLA Phosphor passing through the LC and CF2 are plotted, and the corresponding original primary colors are also marked for reference. The
green vertex slightly shifts from the “OIP original” point and gets closer to the Rec.2020 green
vertex. This is because the color filter narrows down the green spectrum. And each of the three red
sources is shifted away from Rec. 2020 edge, resulting from the color crosstalk between green and
red.

64

Table 9: Rec.2020 color gamut coverage in CIE 1931 and total light efficiency (TLE) for
different BLUs.
BLU Red
Emitter

No LC/CF

CF-1

CF-2

Rec.2020

Rec.2020

TLE
(lm/W)

Rec.2020

TLE
(lm/W)

630 nm

88.7%

82.8%

27.4

89.6%

19.5

635 nm

89.5%

84.0%

26.0

90.5%

18.5

640 nm

90.0%

85.0%

24.3

91.2%

17.2

650 nm

90.0%

85.6%

22.3

91.6%

15.8

KSF/PFS Phosphor

88.2%

81.7%

28.3

88.9%

20.2

SLA Phosphor

89.7%

85.2%

16.1

91.3%

11.4

QDs

Figure 46: Simulated color gamut in CIE 1931 for different BLUs. CF-2 is used. The color
primaries before passing through LCD system are also marked for reference.
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With the 630-nm red QD spectrum, we can get 89.6% Rec.2020 coverage. Considering the
easy tuning property of QDs, we also compare the results with a longer red wavelength, 635 nm,
640 nm and 650 nm. As Table 8 shows, the color gamut increases by 1-3%, but the TLE decreases
accordingly from ~20 lm/W to ~16 lm/W. So, in the first configuration, Cd-based QD offers
attractive features in narrow FWHM and tunable peak wavelength and the combination with green
OIP film could provide wide color gamut and high TLE. However, the cadmium-based QD is still
under RoHS regulation and for the on-surface configuration where QD amount needed is based on
screen size, the cost issue should be considered as well.
Recently several narrow-band phosphors have been developed. KSF/PFS is a red phosphor
with very narrow FWHM (each of the five peaks<3nm) and the most intensified peak occurs at
631 nm, which is suitable for display. From Table 8, we can see that BLU with KSF/PFS phosphor
can reach ~89% Rec.2020 gamut and TLE remains larger than 20 lm/W, which is comparable to
our 630-nm QDs. Moreover, it can be readily implemented in “on-chip” LEDs for low cost and
compact display applications, while getting rid of cadmium.
To widen the color gamut further, we need a longer wavelength red emitter. A good choice
is the highly efficient SLA phosphor. With the peak wavelength at around 650 nm and FWHM ≈
50 nm, SLA phosphor enables the BLU to get 91.3% Rec.2020 coverage, without using Cd-based
QDs. However, its TLE is only 11.4 lm/W because a portion of its emission spectrum exceeds 700
nm where the eye sensitivity is low.
After all, we should reach a delicate balance between color gamut and total light efficiency.
To maintain a moderate TLE and gain wide color gamut, BLUs with 630-nm QDs or KSF/PFS
phosphor are ideal choices, with nearly 90% Rec.2020 and around 20 lm/W efficiency. Especially
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with the combination of high brightness blue LED, green OIP film, and on-chip red KSF/PFS
phosphor, we can achieve low cost, efficient, vivid color, and cadmium-free displays.

5.4 Conclusion
The demonstrated stability, high efficiency, and high color purity of the green PPCs
synthesized by SDM bodes well for their near term applications in LCD BLU down converters.
When integrated with blue LEDs and red downconverters, including red CdSe-based QDs, KSF
phosphor or SLA phosphor, in two hybrid BLU configurations, wide color gamut of 89%~91%
Rec. 2020 coverage can be obtained while maintaining high TLE, without special optical design.
Specifically, cadmium free BLU with blue LED, green PPC film and on-chip KSF phosphor can
achieve ~20 lm/W light efficiency with ~89% Rec.2020 coverage, which is highly promising for
low cost, wide color gamut LCD applications.
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CHAPTER SIX: APPLICATIONS OF PEROVSKITE-POLYMER
COMPOSITES BEYOND CONVENTIONAL DISPLAYS
6.1 Introduction
As described in previous chapters, SDM strategy is developed which can achieve welldispersed, intimately passivated perovskite nanoparticles inside polymer matrices and leads to PPC
films. The process is very simple and cost-effective, with no need of high temperature growth, nor
postsynthetic purification or transfer. By tuning the halide compositions, perovskite-polymer
composite films of different colors are obtained, covering whole visible spectrum range
continuously, with narrow linewidths of 17 nm ~ 42 nm. The PLQY of the films can exceed 70%,
even at high concentration/optical density, and further improvements can be expected by
optimizing the precursor compositions, substrate materials, or processing parameters. Without
further encapsulation, the samples can survive boiling water treatment with no obvious PL decay,
and can be immersed in water for several months and still maintain the initial PL intensity,
representing unprecedented environmental stability for perovskite-based emitters reported to date.
The continuously tunable emission spectra, saturated emitting colors, super low processing
cost and outstanding environmental stability make these perovskite-polymer composite films
highly promising downconverter options for photonics applications beyond conventional display.
In this chapter, we introduce three novel applications that may be enabled by PPCs.
The first application is tailored lighting. As the applications of solid state lighting (SSL)
technologies move beyond simple energy saving to new arena (e.g. lighting for human wellbeing
or horticultural lighting for improved productivity), spectral and intensity control of the lighting
for the demands of different applications is becoming increasingly important. PPC films can serve
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as exchangeable remote downconverter plates and be easily combined with low cost blue LEDs
for delicate spectral control upon demand.
The second application is highly transparent emissive projection display. Recently the
head-up display has gained lots of interest, which could provide real time information on a
transparent display right around users’ viewpoints. A number of technologies have been developed
as candidate approaches, such as projection display with beam splitter or diffusive screen, and
electronic emissive display like transparent organic light emitting diodes, but it is still challenging
to simultaneously meet all performance expectations or fabrication need of a heads-up display
such as high transparency, wide viewing angle, high brightness, scalability, etc. [77]. The PPC
film/plate shows great potential to be used as a fluorescent screen combined with projectors,
providing high transparency, low haze level and wide viewing angle for transparent emissive
projection display.
The third one, is to use PPCs as X-ray scintillators. X-ray scintillation is very important for
applications such as radiation exposure monitoring, security inspection, medical inspection, etc.
Conventional inorganic crystalline scintillator is usually synthesized at high temperature, and has
limited flexibility and spectrum tunability. We demonstrate the strong radioluminescence of
concentrated flexible PPC film, which can provide high X-ray detection efficiency, super
resolution and fast response.

6.2 Tunable downconverters for tailored lighting
Engineering the spectra for the demands of different applications could maximize the
effectiveness of the lighting by ensuring the presence of necessary components of the spectrum for
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specific lighting requirement, and reducing or omitting unnecessary or even damaging portions of
the spectrum [78]. Working with blue/UV LEDs, tunable downconverters with narrow emission
peaks should provide the most cost-effective approach for fine spectral control.
With the assistance of ligands in SDM strategy, by tuning the halide compositions, bright
perovskite-polymer composite films of different colors are obtained, covering the whole visible
and near infrared spectral range continuously, with narrow linewidths of 17 nm ~ 42 nm. On the
other hand, the optical density of these PPC films can be tuned, to provide various proportions of
downconverted light of a certain spectrum. As a result, different mixture of spectra can be easily
realized through varying the combinations of PPCs with different emitting colors and optical
density, benefiting from the super low processing cost of them.

Figure 47: (a) Scheme of perovskite-polymer films of different colors used as exchangeable
down-conversion sheets in lighting applications. Fit spectra for (b) sunlight like or (c)
incandescent light like performance using perovskite-polymer spectra of different emitting
wavelengths and OD.
Figure 47a shows the concept proof scheme of exchangeable PPC remote downconverter
plates combined with blue/UV LED for tailored lighting. With different combinations of emitting
colors and OD, perovskite downconverters can meet a variety of spectral requirements. As two
representative examples, sunlight and incandescent light can be simulated with high fidelity using
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the measured perovskite PPCs spectra (Figure 47b-c), demonstrating great potentials of them for
spectra engineered lighting.
With continuous efforts to further improve the stability and enhance the conversion
efficiency, these perovskite-polymer composites will be highly promising and competitive
downconverters that could be easily integrated into existing SSL luminaires for active spectral
control to achieve tailored lighting in emerging SSL applications.

6.3 Transparent projection display
Transparent projection display using fluorescent screen has been demonstrated as an
effective approach [79]. The PPC film/plate shows great potential to be used as such a fluorescent
screen, providing high transparency, low haze level, wide viewing angle, and fast response time.
SDM process is intrinsically easy to scale up, for example, by slot die coating. To prove
the concept, a 5” to 3” perovskite-PC plate is made by blade coating in the lab (Figure 48a). The
transmittance and PL emission spectra are shown in Figure 49. Transparency over 88% is obtained
for wavelengths longer than 450nm, and the PL peak wavelength is around 532 nm where human
eye is most sensitive. Since the perovskite nanoparticle size is only a few tens of nanometers as
demonstrated in chapter two, scattering caused by nanoparticles could be neglected.
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Figure 48: (a) Photograph of 5’’x3’’ transparent green perovskite-polymer film under ambient
light, in front of text. (b) Photograph of the transparent projection display. (c) Luminance at
different viewing angle.
The PPC plate is used for demonstration of a live projection display with a MEMS 405 nm
laser projector (Figure 48b), and it can be seen that under indoor lighting environment of 500~1000
lux, the projection display is clearly visible with high contrast. Depending on the projection light
power density, the display brightness can reach as high as over 1000 nits. The perovskite
nanocrystals embedded in the PC substrate have a Lambertian emission profile, which could
enable a wide viewing angle. The measured luminance of a laser excited single spot on the PPC
plate from different viewing angles are shown in Figure 48c. Larger than 60° view angle can be
guaranteed with this PPC transparent projection display. The PPC plate has a decay lifetime
(defined as the time by which intensity drops to 1/e) of 0.52 µs, and a complete decay time (defined
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as the time by which intensity drops to background/zero level) of less than 10 µs (Figure 50),
which makes it capable to display fast moving objects.
The excellent optical performance, outstanding stability, and especially the low fabrication
cost that can promote large-scale commercialization suggest the great potential of PPCs to be
applied for transparent emissive projection display with high transparency, low haze, high ambient
contrast, wide viewing angle, and fast response time.

Figure 49: Transmittance and PL emission of the transparent perovskite-polymer film.

Figure 50: PL decay lifetime of the PPC plate for transparent projection display.
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6.4 Perovskite nanocrystal scintillators
While an efficient green-emitting perovskite-polymer film with large optical density can
be used for displays, it is also promising to serve as scintillators to convert high-energy (keV) Xray photons into visible light. Current X-ray detection technologies still rely on expensive
inorganic crystals grown at high temperature [80]. Plastic scintillator with dye doped inside could
be a more cost-effective choice, but the large thickness would hinder the use in high detection
resolution requirement [81, 82].

Figure 51: X-ray image of (a) thin perovskite-PC film and (b) commercial 8 mm thick plastic
scintillator.
In this regard, we propose to use perovskite-polymer film as efficient scintillators with high
detection spatial resolution and fast response time. We have tested the emission of our thin
perovskite-PC film with X-ray excitation generated from a copper X-ray tube (XRT 60, Proto
Manufacturing) operated at 45 kV and 40 mA, and the detected intensity profile is shown in Figure
51a. In comparison, Figure 51b shows the emission profile of a commercial 8-mm thick plastic
scintillator with the same excitation condition. The blurry edge of the emission pattern from thick
plastic scintillator clearly indicates that it is not suitable for high resolution X-ray imaging. In
contrast, the PPC film with less than 20-µm penetration depth of effective perovskite nanocrystal
loading (Figure 52) is able to achieve similar level of radioluminescence and serve for X-ray
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scintillation purpose. Such a high concentration loading with very thin form factor is highly
preferred for high-resolution imaging. Figure 53a shows the preliminary X-ray imaging resolution
test on the perovskite-PC film using a lead mask whose highest resolution is 20 lines/mm. It can
be seen that the 20 line pair (LP) pattern is clearly resolved. In fact, from the intensity profile along
the cross direction of the pattern (Figure 53b), the modulation transfer function (MTF) is derived
as ~0.4. Since the X-ray source can be regarded as a point source and the lead mask has plastic
cover sheet, which sets the light travel distance between mask and PPC film, the MTF is expected
to be higher if a collimated X-ray source is used.

Figure 52: A cross-section fluorescent microscopy image of the perovskite-PC film.

Figure 53: (a) X-ray imaging resolution test with a lead mask of highest resolution of 20
lines/mm. (b) Intensity distribution cross the 20 lines/mm pattern.
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6.5 Conclusion
The excellent optical performance including high PL efficiency, wide color tunability,
good color purity, outstanding environmental stability, as well as super-low processing cost make
the PPCs highly promising downconverter options not only for conventional display backlight, but
also for many other photonic applications. In this chapter, three novel applications utilizing PPCs
are demonstrated and evaluated:
Cost-effective tailored lighting can be realized by using PPC films as exchangeable remote
downconverter plates and combining with low-cost blue LEDs for delicate spectral control upon
demand. By using PPC films of different emitting colors and various OD, target spectra such as
sunlight or incandescent light can be simulated with high fidelity.
PPC film/plate with small OD could enable highly transparent emissive projection display.
The PPC screen shows higher than 88% transmittance over most visible region (> 450nm).
Because of small nanocrystal size, the scattering and haze is negligible. Using MEMS projector,
the display luminance can reach 1000 nits and achieve high ambient contrast ratio. The Lambertian
emission profile of the PPC screen could provide a viewing angle wider than 60°. Short decay
lifetime enables fast response time of the display. Moreover, the SDM-fabricated PPC screen can
be easily scaled up at low cost by slot die coating.
PPC film with high concentration and large OD can realize efficient X-ray scintillation. A
thin perovskite-PC film with effective loading thickness less than 20 µm can offer similar detection
capability to commercial thick plastic X-ray scintillator plate, and realize much higher resolution.
A MTF of ~0.4 is obtained for 20 line/mm lead resolution pattern, using PPC thin film radiated by
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a point X-ray source. The flexible thin PPC film is highly promising for X-ray detection with high
efficiency, superb resolution, and fast response time.
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CHAPTER SEVEN: CONCLUSION
In this dissertation, we demonstrate stable, highly luminescent perovskite-polymer
composites with high efficiency, excellent color purity, wide color tunability and outstanding
environmental stability synthesized by a simple, low cost SDM strategy. Their potential
application in LCD backlight is analyzed and capability in novel photonics applications beyond
conventional display is envisioned and evaluated.
We demonstrate a simple swelling-deswelling microencapsulation strategy to overcome
the major instability challenge for perovskite materials. Organic-inorganic hybrid MAPbBr3 PPC
films are synthesized, with the emission peaks lying in 528-533 nm range and FWHM as narrow
as 18 nm. Without any further encapsulation, the PPC films can survive boiling water treatment
for 30min without less than 7% PL decay, and three kinds of PPC films can be immersed in water
for two months maintaining > 90% of original PL efficiency.
In situ synthesis of stable, luminescent CsPbBr3 perovskite NRs-PM with excellent
emission color purity and size control is achieved by SDM strategy. A relative high local
polarization ratio of ~0.4 is observed in single nanorod by polarized PL imaging, which is
consistent with theoretical predictions based on a dielectric contrast model. Without further
encapsulation, NRs-PM demonstrated excellent water and thermal stabilities and can survive harsh
treatment with retained or even enhanced luminescence efficiency. We further demonstrate that
macroscale alignment of the CsPbBr3 nanorods can be achieved through mechanically stretching
the NRs-PM films at elevated temperature, without deteriorating the optical quality of the NRs.
Good direction uniformity and a polarization ratio of 0.23 is observed for these aligned NRs-PM
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films, suggesting their potential as polarized down-converters to increase the light efficiency in
liquid crystal display (LCD) backlights.
LASDM is then introduced which enables the synthesis of efficient PPCs of different
emission colors, covering whole visible spectrum and near infrared range continuously, with
narrow linewidths of 17 nm ~ 43 nm, via tuning halide compositions. With the assistance of
ligands, smaller perovskite nanocrystal size is obtained due to better confinement, as verified by
broader XRD peaks and reduced scattering tail in UV-Vis spectra. Longer decay lifetime is
observed compared to ligand-free synthesis, indicating less non-radiative defect centers which
might be attributed to better surface coordination by ligands. On the other hand, with ligandsinduced effective size control, concentration quenching is largely suppressed and high PL
efficiency of larger than 70% can be achieved for PPCs of a wide range of optical density (0.05 ~
0.78). These PPCs can survive boiling water treatment with no obvious PL decay or even
brightness enhancement, representing excellent heat and water stability.
The demonstrated stability, high efficiency, and high color purity of the green PPCs
synthesized by SDM bodes well for their near term applications in LCD BLU downconverters.
When integrated with blue LEDs and state-of-art narrow emitting red downconverters, including
red CdSe-based QDs, KSF phosphor or SLA phosphor, in two hybrid BLU configurations, wide
color gamut can be obtained while maintaining high TLE. Specifically, cadmium free BLU with
blue LED, green PPC film and on-chip KSF phosphor can achieve ~20 lm/W light efficiency with
~89% Rec.2020 coverage, which is highly promising for low cost, wide color gamut LCD
applications.
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Beyond conventional display, the PPCs with high PL efficiency, wide color tunability,
good color purity and outstanding environmental stability also fit well with the downconversion
needs in many other photonics applications. Cost-effective tailored lighting can be realized by
using PPC films as exchangeable remote downconverter plates and combined with low cost blue
LEDs for delicate spectral control upon demand. Target spectra such as sunlight or incandescent
light can be simulated with high fidelity with PPC films of different emitting colors and various
OD. PPC film/plate with small OD could enable highly transparent emissive projection display.
Higher than 88% transmittance over most visible region (> 450nm), low scattering and haze, .high
brightness (up to 1000 nits) and high ambient contrast, wide viewing angle ( > 60°) and fast
response (decay time < 10 µs) are obtained with a PPC plate using a 405 nm MEMS projector.
PPC film with high concentration and large OD can realize efficient X-ray scintillation with super
resolution and fast response. A MTF of ~0.4 is obtained for 20 line/mm lead resolution pattern,
using PPC thin film radiated by a point X-ray source. The effective perovskite loading thickness
of the flexible PPC film is less than 20 µm.
In summary, we have explored a SDM process that enables the dispersion, in-situ
crystallization and subsequent surface passivation of perovskite nanocrystals in polymer matrices,
and leads to ultrastable metal halide PPCs with outstanding optical properties for various efficient
and highly reliable photonics applications. With continuous efforts to further improve the stability
and enhance the conversion efficiency, these PPCs hold great promise for cost-effective
downconverters for a wide range of photonics applications.
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